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Abstract 
Valorization of lignocellulosic biomass components leads to several possibilities for 
the production of valuable chemicals, fuels and energy that could be used by modern 
societies in substitution to conventional ones derived from fossil-based resources. 
This work was mainly aimed at enlarging the assortment of biosystems and 
biocatalists (microbes and/or enzymes) for generation of high added value bio-
products, such as sugars, ethanol and lactic acid, from both dedicated crops and 
lignocellulosic wastes. Particularly, 32 different fungal strains, belonging to the 
collection of the Department of Engenharia de Bioprocessos e Biotecnologia 
(University Federal do Paraná, Brasil) (DEBB), were investigated for ligninolytic, 
cellulolytic and xylanolytic activities production on solid and liquid media. The 
screening led to the selection of Aspergillus niger NRRL 3312, as the best cellulase 
and xylanase activities producer and the strain Pleurotus sajor-caju INRA 3501 for 
the laccase activity production. Brewers' spent grain (BSG) was shown a suitable 
substrate for the low cost lignocellulolytic enzymes production by solid state 
fermentation with the selected strains; indeed, A. niger NRRL 3312 reached a 
maximum cellulase and xylanase activities production of 118.04 U gram-1 of dry 
substrate (gds) and 1315.15 U gds-1, respectively, wilst P. sajor-caju INRA 3501 
showed a maximum laccase production of 157.36 U gds-1. By proteomic analyses 
peptides belonging to the enzymes responsible for the cellulase and xylanase 
activities from A. niger NRRL 3312 and for the laccase acitivity from P. sajor-caju 
INRA 3501 were identified. An enzymatic mixture of cellulases and xylanases, 
produced by the strain Pleurotus ostreatus using microcrystalline cellulose as 
inducer, was partially characterized and tested in the statistical analysis of Arundo 
donax saccharification. The Plackett-Burman screening design, applied to identify the 
most significant parameters for the maximum sugars release, showed that the most 
significant influence was exercised by temperature, pH, and time. The combined 
effect of these factors on the saccharification process was analyzed by a 33 factorial 
experimental design and the best result of 480.10 mg of sugars gds-1 was obtained at 
45 °C, pH 3.5, and 96 hours of incubation. Alkaline-acid (AAT) pretreated BSG was 
evaluated for ethanol production after enzymatic hydrolysis with commercial 
enzymes. The obtained hydrolysate, with a glucose concentrationn of 75 g/L, diluted 
to 50 g/L, was used for fermentation by the strain Saccharomyces cerevisiae NRRL 
YB 2293, selected as the best producer among five ethanologenic microorganims 
belonging to the DEBB collection. When the hydrolysate was supplemented with 
yeast extract, 12.79 g/L of ethanol, corresponding to 55 % of the maximum 
theoretical value, was obtained within 24 hours, while in the non-supplemented 
hydrolysate, a similar concentration was reached within 48 hours; indeed, the added 
nitrogen source reduced the ethanol fermentation time and promoted glucose uptake 
and cell growth. Lactobacillus acidophilus ATCC 43121, selected as the best lactic 
acid producer among six Lactobacillus strains belonging to the DEBB collection, was 
analyzed for its ability to grow on the hydrolysates obtained from BSG after AAT or 
aqueous ammonia soaking (AAS) pretreatment. The lactic acid production by L. 
acidophilus ATCC 43121 through fermentation of the hydrolysate from AAS treated 
BSG was 96 % higher than that from the AAT treated one, although similar yields of 
lactic acid per consumed glucose were achieved. The best results were obtained by 
fermentation of AAS BSG hydrolysate supplemented with yeast extract, in which the 
strain produced 22.16 g/L of lactic acid (yield of 0.61 g/g), 27 % higher than the value 
(17.49 g/L) obtained in the absence of a nitrogen source.  
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Le biomasse lignocellulosiche: l’alternativa alle risorse fossili non rinnovabili 
Nel 2014, secondo una stima dell’International Energy Agency (IEA), la richiesta 
energetica mondiale è stata soddisfatta principalmente mediante l’impiego di risorse 
fossili, quali petrolio (39.9 %), carbone (11.5 %) e gas naturali (15.1 %) [1]. E’ stato 
inoltre stimato che petrolio, carbone e gas naturali si esauriranno in circa 35, 107 e 
37 anni, rispettivamente, con la conseguenza che il carbone rappresenterà l’unica 
fonte di energia disponibile dopo il 2042 [2].  
La limitazione delle energie fossili, insieme al surriscaldamento globale, alle elevate 
emission di gas ad effetto serra, all’incessante crescita demografica ed alle 
problematiche legate al costo dello smaltimento dei rifiuti, sta muovendo l’interesse 
mondiale verso lo sviluppo di un’economia basata su fonti di energia rinnovabili. La 
Direttiva Europea 2009/28/CE, sulla promozione della produzione e dell’uso dei 
biocombustibili, ha stabilito che questi dovranno sostituire del 20 % i carburanti fossili 
(benzina e diesel) entro il 2020, fissando per tutti gli Stati membri un obiettivo del 10 
% per la quota di energia da fonti rinnovabili nei trasporti.  
In quest’ottica di sviluppo di un’economia sostenibile che possa minimizzare le 
problematiche delle moderne società industriali, l’attenzione è stata rivolta alla 
valorizzazione delle biomasse lignocellulosiche. Esse consistono principalmente in 
colture dedicate e residui agro-industriali e data la loro abbondanza e composizione, 
equa distribuzione geografica e basso costo sono, considerate tra le più promettenti 
fonti rinnovabili in alternativa a quelle fossili [3]. La coltivazione su larga scala delle 
colture dedicate, come la pianta perenne Arundo donax, su terreni marginali e/o 
contaminati, si sta diffondendo in tutto il mondo minimizzando, in questo modo, il 
dislocamento delle colture a destinazione alimentare, favorendo inoltre, la fertilità dei 
suoli impiegati [4]. D’altro canto, l’utilizzo dei residui agro-industriali consente di 
ridurre ulteriormente il conflitto food versus fuel, oltre che rispondere alle 
problematiche connesse alla deforestazione [5]. 
Le biomasse lignocellulosiche sono costituite principalmente da tre polimeri – 
cellulosa, emicellulosa e lignina - organizzati in una complessa ed amorfa struttura 
tridimensionale, con una composizione relativa varabile a seconda della specie 
considerata. La cellulosa, composta da unità di D-glucosio legate attraverso legami 
β-1,4 glicosidici, rappresenta la componente maggioritaria delle biomasse, con una 
percentuale di circa il 40-50 % del peso secco totale, ed è incastonata in una matrice 
di emicellulosa e lignina. L’emicellulosa è il secondo polimero più abbondante con 
circa il 25-35 % del peso secco totale ed è costituita da diversi monosaccaridi, come 
xilosio, arabinosio, mannosio e galattosio, organizzati a formare un polimero 
eterogeneo e ramificato. La lignina, invece, rappresenta la componente minoritaria 
delle biomasse lignocellulosiche (10-25 % del peso secco totale) e consiste 
principalmente di composti aromatici legati mediante legami esteri [6]. 
Dato l’elevato contenuto in polisaccaridi, le biomasse lignocellulosiche possono 
essere convertite in un ampio ventaglio di prodotti d’interesse industriale, quali 
carburanti, polimeri, enzimi, additivi alimentari, coloranti, composti aromatici ed acidi 
organici mediante lo sviluppo e l’ottimizzazione di processi biotecnologici che siano 
eco-compatibili e che possano rispondere alle necessità energetiche mondiali. 
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Processo di conversione delle biomasse lignocellulosiche in prodotti ad alto 
valore aggiunto 
La valorizzazione delle biomasse lignocellulosiche richiede la conversione della 
componente (emi)cellulosica in zuccheri fermentabili, previa rimozione della lignina, 
che conferisce grande resistenza meccanica e rende inaccessibili le componenti 
polisaccaridiche. Il processo convenzionale attualmente adottato prevede un iniziale 
pretrattamento per rimuovere la componente ligninica, seguito da una fase di idrolisi 
della componente polisaccaridica mediante metodi chimici o enzimatici, ed infine, 
una fase di fermentazione degli zuccheri pentosi ed esosi.  
Un pretrattamento per essere efficiente deve aumentare l’accessibilità e la digeribilità 
della frazione (emi)cellulosica al fine di migliorare la successiva fase di idrolisi. Molti 
studi di conversione si sono focalizzati sull’ottimizzazione della fase di pretrattamento 
al fine di massimizzare la rimozione di lignina ed, allo stesso tempo, minimizzare la 
perdita di zuccheri, la formazione di composti tossici ed i costi del processo. Il 
pretrattamento, attualmente, può essere condotto mediante metodi fisici, chimici e 
biologici. Sebbene i metodi chimico-fisici siano maggiormente impiegati rispetto a 
quelli biologici data l’elevata resa di delignificazione, non sono considerati eco-
compatibili a causa delle elevate energie richieste  e  dell’utilizzo di costose sostanze 
chimiche; inoltre uno svantaggio di  tali trattamenti è la generazione di composti 
tossici che interferendo sia con le attività enzimatiche nella fase di idrolisi che con la 
crescita microbica nella fase di fermentazione, richiedono trattamenti aggiuntivi volti 
alla detossificazione della biomassa, con conseguente aumento di reflui e scarti, oltre 
che dei costi del processo [7].  
Di conseguenza, il pretrattamento biologico, basato sull’applicazione di 
microrganismi o enzimi, è considerato un processo di delignificazione promettente, 
essendo eco-compatibile ed economico [8]. In natura, una grande varietà di 
microrganismi, sia batteri che funghi, è in grado di produrre alti livelli di enzimi 
ligninolitici, volti alla rimozione della lignina e di enzimi (emi)cellulolitici per la 
conversione della componente (emi)cellulosica in zuccheri fermentabili [9]. 
Principalmente, il pretrattamento biologico viene effettuato mediante fermentazione 
su stato solido di funghi e/o batteri, mimando il più possibile le condizioni che si 
verificano in natura, quali basse temperature e pressioni, minime quantità o totale 
assenza di acqua libera; inoltre, non sono richiesti composti chimici e la produzione 
di reflui e di sostanze tossiche è estremamente ridotta [10]. Ciononostante, il 
processo non trova ampia applicazione a causa dei lunghi tempi richiesti (3-5 mesi) 
per la delignificazione, responsabile della perdita di un’elevata percentuale di 
polisaccaridi e la conseguente diminuzione delle rese nella fase di idrolisi.  
La delignificazione mediante enzimi - lignina perossidasi, laccasi e manganese 
perossidasi - rappresenta una valida alternativa biologica all’utilizzo di funghi e 
batteri, garantendo alte rese di delignificazione in tempi brevi, senza richiesta di 
nutrienti nè consumo di polisaccaridi. La principale limitazione di tale processo 
consiste nell’elevato costo di produzione degli enzimi ligninolitici che ne impedisce 
l'applicazione su larga scala [11].   
Una volta rimossa la lignina, l’idrolisi della cellulosa è realizzata mediante trattamenti 
chimici o enzimatici. Questi ultimi sono basati sull’azione cooperativa di tre classi di 
enzimi: endoglucanasi, cellobioidrolasi e β-glucosidasi. Inoltre al fine di aumentare le 
rese di idrolisi, ed ottenere zuccheri fermentabili non solo dalla componente 
cellulosica ma anche da quella emicellulosica, il processo prevede l’impiego di 
miscele enzimatiche costituite non solo da cellulasi ma anche emicellulasi, quali 
xilanasi, mannanasi, pectinasi e tutti gli altri enzimi che agiscono sulle catene laterali 
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di xilani e mannani. Ciò richiede l’impiego di miscele enzimatiche costituite non solo 
da cellulasi ma anche emicellulasi, quali xilanasi, mannanasi, pectinasi e da tutti gli 
altri enzimi che agiscono sulle catene laterali di xilani e mannani.  
Il processo di idrolisi rappresenta la principale sfida da superare per rendere 
competitivo ed applicabile su scala industriale il processo di bioconversione delle 
biomasse lignocellulosiche, dato l’elevato costo degli enzimi. Infatti, una recente 
valutazione tecno-economica attribuisce circa il 20 % del costo dell’intero processo di 
bioconversione proprio alla produzione di enzimi (emi)cellulolitici, coinvolti nell’idrolisi 
delle componenti macromolecolari per l’ottenimento di zuccheri fermentabili. 
La fase finale dell’intero processo richiede la fermentazione microbica degli zuccheri 
pentosi ed esosi in prodotti ad alto valore aggiunto. Il processo di fermentazione può 
essere condotto separatamente dall’idrolisi (Separate Hydrolysis and Fermentation) 
o in maniera simultanea (Simultaneous Saccharification and Fermentation) [12]. Una 
strategia più innovativa e che potrebbe ridurre di molto i costi del processo è poi 
rappresentata dal Consolidated BioProcessing (CBP), che si basa sull’impiego di un 
singolo microorganismo, ingegnerizzato a produrre un cocktail enzimatico, che 
consenta la diretta conversione della cellulosa in prodotti di interesse commerciale. 
 
Bioetanolo di seconda generazione 
Il bioetanolo di seconda generazione è considerato, tra tutti i biocombustibili, 
un’ottima alternativa ai carburanti fossili apportando una serie di vantaggi, quali la 
significativa riduzione di emissioni di CO2, particolato, NOx e SOx [13]. Nonostante 
l’utilizzo del bioetanolo in sostituzione dei carburanti fossili si sia diffuso fin dagli inizi 
del 1900 in Brasile, USA ed Europa, a causa degli elevati costi di produzione le sue 
potenzialità sono state sottovalutate fino al 1970, quando la crisi energetica ha 
mosso l’interesse mondiale verso l’uso di risorse rinnovabili [14]. Nell’ultimo 
decennio, molti Paesi hanno emesso diversi “Fuel Ethanol Programs”, volti a rendere 
obbligatorio l'uso di miscele di etanolo attraverso incentivi o esenzioni fiscali, 
determinando così un rapido incremento della produzione di bioetanolo [15]; ciò ha 
contribuito a diminuire la dipendenza dai carburanti importati, incentivando 
l’economia rurale.  
Nel 2014, la produzione globale di bioetanolo ha raggiunto il record di 14,3 miliardi di 
galloni, eclissando il precedente record di 13.9 miliardi di galloni risalenti al 2011. Il 
Paese leader nella produzione di bioetanolo è rappresentato dagli USA con circa il 
60 % della produzione mondiale; il Brasile, invece, con circa 6.2 miliardi di galloni è 
responsabile del 25 % della produzione mondiale, seguito dall’Europa con circa il     
6 % [16]. 
Sulla base della materia prima utilizzata si distinguono un etanolo di “prima 
generazione” ed un etanolo di “seconda generazione”. Il primo è prodotto a partire da 
materie edibili, quali grano o semi, mediante un semplice processo caratterizzato da 
estrazione degli zuccheri, fermentazione e distillazione. Per la produzione di etanolo 
di prima generazione, il Brasile utilizza principalmente la canna da zucchero, mentre 
gli USA e l’Europa utilizzano amido estratto dal mais e, dal frumento e dall’ orzo, 
rispettivamente. Ma l’utilizzo di materie edibili per la produzione di etanolo di prima 
generazione trova dei limiti nell’insufficienza di tali risorse nonché nella loro 
destinazione ad uso alimentare [17]. 
Per superare questi ostacoli, l’interesse della comunità scientifica si è rivolto allo 
sviluppo di etanolo di seconda generazione, prodotto a partire da biomasse 
lignocellulosiche, note per essere non edibili, rinnovabili ed ampiamente disponibili in 
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tutto il Mondo. Ciò ha consentito di evitare l’impiego di colture a destinazione 
alimentare e di conseguenza, il cosiddetto conflitto “food versus fuel”. 
 
Acido lattico 
L’acido lattico è un acido organico riconosciuto come composto GRAS (Generally 
Recognized As Safe) dalla Food and Drug Administration (US FDA) e di 
conseguenza trova larga applicazione nell’industria alimentare, cosmetica, 
farmaceutica e chimica [18]. Circa il 70 % di acido lattico prodotto è utilizzato 
nell’industria alimentare per la produzione di formaggi e yogurt [19]. Nell’industria 
cosmetica, l’acido lattico è utilizzato in prodotti destinati all’igiene ed all’estetica, 
grazie agli effetti antimicrobici e rigeneranti riscontrati sulla pelle [20]. Inoltre, 
nell’industria farmaceutica e chimica, l’acido lattico è utilizzato come precursore di 
piccoli e grandi polimeri, quali acido polilattico e polimeri acrilici, che vengono 
impiegati nella produzione di imballaggi, protesi, suture e dispositivi per il dosaggio 
dei farmaci essendo biocompatibili e biodegradabili [21].  
E’ stato calcolato che nel 2007 la richiesta globale di acido lattico è stata di circa 
130.000-150.000 tonnellate, con un valore commerciale variabile tra 1.38 US$ kg-1 e 
1.54 US$ kg-1 in dipendenza del grado di purezza [22]. E’ previsto che la richiesta di 
acido lattico aumenti notevolmente nei prossimi anni, quindi è di interesse globale lo 
sviluppo di un processo economico ed efficiente che garantisca elevate rese di 
produzione. In particolare, l’attenzione è rivolta alla messa appunto di fermentazioni 
microbiche basate sull’utilizzo di substrati a basso costo come, ad esempio, 
idrolizzati ottenuti dal pretrattamento e saccarificazione di biomasse lignocellulosiche 
[23,24,25]. 
 
Strategie per l’incremento della competitività del processo di conversione delle 
biomasse lignocellulosiche in prodotti ad alto valore aggiunto 
Numerosi progressi sono tutt’ora necessari per lo sviluppo di processi eco-compatibili 
e competitivi che consentano la conversione delle biomasse lignocellulosiche in 
prodotti di interesse commerciale.  
Le principali problematiche riscontrate nella fase di pretrattamento sono la bassa 
riproducibilità del processo (che dipende dall’equilibrio di numerose variabili, quali pH 
e temperatura), la sterilità e scalabilità a livello industriale. Al fine di ovviare tali 
limitazioni, molte ricerche sono focalizzate i) all’isolamento ed identificazione di nuovi 
microrganismi ligninolitici e/o all’impiego di co-culture microbiche che possano 
essere più produttive anche in condizioni di stress [26]; ii) all’identificazione, tramite 
l’utilizzo di software statistici, di una combinazione di parametri operativi ottimale che 
garantisca alte rese [27], ed iii) alla progettazione di nuove configurazioni 
bioreattoristiche che consentano l’applicazione su scala industriale del processo di 
fermentazione su stato solido [28]. 
Per quanto concerne la fase di idrolisi, l’obiettivo principale è quello di ridurre i costi 
di produzione degli enzimi. Una strategia impiegata è quella di utilizzare substrati a 
basso costo, come le biomasse lignocellulosiche, per la coltivazione tramite 
fermentazione su stato solido di ceppi fungini noti per essere buoni produttori di 
enzimi (emi)cellulolitici. Ciononostante, in molti casi, tali enzimi non risultano 
possedere delle performance ottimali, dovute alle basse specificità per il substrato e 
al limitato range di pH e temperatura ottimale per l’attività idrolitica. Ciò ha spinto la 
comunità scientifica alla ricerca di enzimi dalle prestazioni migliorate. Grazie alla 
combinazione di diversi approcci, quali genomico, trascrittomico e proteomico, è 
possibile i) migliorare gli enzimi mediante strategie di mutazione sito-diretta o di 
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evoluzione guidata [29]; ii) identificare nuovi enzimi con performances migliorate 
mediante approccio metagenomico [30]; iii) sviluppare ceppi microbici ingegnerizzati 
per  produrre alti livelli di enzimi mediante sistemi di espressione ottimizzati [31]. 
L’incremento delle rese del processo di fermentazione, invece, è auspicabile 
mediante l’utilizzo di microrganismi che abbiano efficienti sistemi di internalizzazione 
e trasporto degli zuccheri, che siano in grado di fermentare sia esosi che pentosi e 
che mostrino elevata tolleranza ai prodotti intermedi e/o finali di fermentazione. La 
selezione e caratterizzazione di nuovi microrganismi, provenienti da differenti habitat, 
può consentire l’identificazione di ceppi in grado di rispondere a queste esigenze. 
Inoltre, l’ingegneria genetica consente di sviluppare ceppi microbici dalle 
perfomances migliorate utilizzabili su scala industriale [32].   
Questo progetto di dottorato fornisce avanzamenti nel settore della valorizzazione 
delle biomasse lignocellulosiche, attraverso l’identificazione di nuovi biosistemi e 
biocatalizzatori adoperabili, in particolar modo, nei processi di conversione per la 
produzione di bioetanolo ed acido lattico. 
 
Preparazione delle biomasse lignocellulosiche da utilizzare nei processi di 
bioconversione 
Nell’ambito del progetto BIOASSORT (318931_Improvement of technologies and 
tools, e.g. biosystems and biocatalysts, for waste conversion to develop an 
assortment of high added value eco-friendly and cost-effective bio-products; Marie 
Curie Action IRSES 2012), questo progetto di dottorato ha previsto la conversione 
dallo scarto ottenuto dalla produzione della birra (BSG), costituito da bucce di grani 
esausti dopo macerazione e chiarificazione, in prodotti ad alto valore aggiunto. Al 
fine di ottenere un idrolizzato ricco in zuccheri fermentabili da convertire in acido 
lattico ed etanolo di seconda generazione, lo scarto BSG è stato sottoposto a 
pretrattamenti chimico-fisici, volti a rimuovere la componente ligninica, ed a 
saccarificazione mediante mix enzimatiche commerciali. Lo scarto BSG utilizzato in 
questo progetto di dottorato è stato gentilmente offerto dal birrificio Bier Hoff 
(Curitiba-PR, Brasile) (BSG1) e dal birrificio Maneba Striano (Napoli, Italia) (BSG2). 
 
• Pretrattamento acido-alcalino e saccarificazione dello scarto BSG 
Lo scarto BSG1 è stato sottoposto a pretrattamento acido-alcalino, utilizzando acido 
solforico per solubilizzare la componente emicellulosica e la soda per rimuovere la 
componente ligninica. Il pretrattamento ha consentito la rimozione dell’88.68 %, 
41.22 % e 84.54 % della frazione emicellulosica, ligninica e di altre componenti - 
polveri, proteine ed estrattivi - rispettivamente, generando un residuo solido con un 
contenuto in cellulosa pari all’86.49 %. Quest’ultimo è stato saccarificato mediante 
una mix di enzimi commerciali, con  un’efficienza di conversione della cellulosa in 
glucosio pari al 97 %. L' idrolizzato così ottenuto, indicato come AAT BSG1 e 
caratterizzato da una concentrazione di glucosio pari a 75 g/L, è stato utilizzato come 
substrato per la produzione di acido lattico ed etanolo di seconda generazione. 
 
• Trattamento Aqueous Ammonia Soaking e saccarificazione dello scarto 
BSG 
Lo scarto BSG2 è stato sottoposto al pretrattamento Aqueous Ammonia Soaking 
(AAS) che ha consentito la solubilizzazione di una cospicua percentuale di lignina 
(62.26 %), preservando la componente emicellulosica e generando un residuo solido 
con un contenuto in cellulosa ed emicellulosa del 57.09 % e 34.89 %, 
rispettivamente. Infatti, come riportato in letteratura, l’AAS è un metodo che 
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incrementa la digeribilità della biomassa attraverso la rimozione della lignina, senza 
però degradare la frazione (emi)cellulosica e generare prodotti secondari che 
possano inibire le successive fasi di idrolisi e fermentazione.  
Il residuo solido è stato poi saccarificato mediante una mix di enzimi commerciali, 
raggiungendo una resa di conversione della cellulosa in glucosio del 86.8 %. 
L'idrolizzato AAS BSG2, con una concentrazione di glucosio pari a 60 g/L, è stato 
utilizzato come substrato per la produzione di acido lattico. 
 
Sviluppo di nuovi biosistemi e biocatalizzatori per la valorizzazione di 
biomasse lignocellulosiche 
Nell’ambito del progetto BIOASSORT, al fine di ampliare l'assortimento di biosistemi 
da utilizzare nei processi di conversione di biomasse lignocellulosiche in prodotti ad 
alto valore aggiunto, è stato condotto uno screening per la selezione di 
microrganismi lignocellulolitici, etanologenici e lattici dalla collezione “Strain 
Collection of the Bioprocess and Biotechnology Division” (DEBB) del partner 
brasiliano BIOASSORT (Dipartimento di “Engenharia de Bioprocessos e 
Biotecnologia") presso l'Università Federal do Paraná (Curitiba-PR, Brasile).   
Inoltre, nell'ambito del progetto Biopolis (“Development of Green Technologies for 
Production of Biochemicals and Their Use in Preparation and Industrial Application of 
Polimeric Materials from Agricultural Biomasses Cultivated in a Sustainable Way in 
Campania Region”_ PON03PE 00107 1), il fungo basidiomicete Pleurotus ostreatus 
è stato utilizzato come fonte di nuovi biocatalizzatori, quali enzimi cellulolitici e 
xilanolitici, da utilizzare per l'idrolisi delle biomasse lignocellulosiche.  
 
• Selezione e caratterizzazione di nuovi microrganismi (emi)cellulolitici e 
ligninolitici e loro enzimi 
32 ceppi fungini, appartenenti al genere Lentinus, Aspergillus e Pleurotus, della 
collezione DEBB sono stati sottoposti a screening funzionale per la produzione di 
attività cellulasica e xilanasica usando un terreno di coltura solido contenente come 
unica fonte di carbonio la carbossimetilcellulosa (CMC) e lo xilano, rispettivamente. 
La selezione è stata condotta calcolando il valore dell'Enzymatic Index (EI), dato dal 
rapporto tra la dimensione dell'alone di attività, rilevato attraverso colorazione con 
Congo Red, e la dimensione del micelio fungino. Sono stati selezionati i 
microrganismi con un EI uguale o superiore al valore di 1.4. Lo screening per l'attività 
cellulasica ha permesso di selezionare i ceppi Lentinus edodes INRA L 465, L. 
edodes INRA 790 e L. edodes INRA 1022, mentre i ceppi L. edodes INRA 6635, L. 
edodes INRA 6647, L. edodes INRA 6614, Aspergillus niger NRRL  599, A. niger 
NRRL  2270, A. niger NRRL  334, A. niger NRRL  3312, A. niger NRRL  1278 e A. 
niger NRRL  511 sono stati selezionati sia per attività cellulasica che xilanasica.  
Tutti i ceppi fungini sono stati analizzati anche per la loro abilità di produrre enzimi 
ligninolitici mediante screening su terreno solido contenente l'indicatore colorimetrico 
guaiacolo. Attraverso la misurazione dell'alone di attività, dovuto all'ossidazione del 
guaiacolo ad opera degli enzimi ligninolitici, è stato possibile selezionare i ceppi L. 
edodes INRA 797, L. edodes INRA 6608, L. edodes INRA 6646, Pleurotus sajor-
caju INRA 31, P. sajor-caju INRA 3501 e P. sajor-caju INRA 3824.   
I ceppi selezionati mediante screening su mezzo solido sono stati sottoposti ad 
analisi quantitativa per valutare la loro abilità di produrre enzimi cellulolitici, xilanolitici 
e ligninolitici in coltura liquida.  
I risultati dell’analisi hanno permesso di selezionare 3 ceppi. Il ceppo A. niger NRRL 
3312 come il massimo produttore sia di attività cellulasica (0.28 U/mL) che xilanasica 
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(19.18 U/mL), il ceppo L. edodes INRA L 465 per l’alta attività cellulasica (0.23 U/mL) 
e il ceppo P. sajur-caju INRA 31 come il miglior produttore di attività laccasica (12.07 
U/mL).  
I 3 ceppi fungini selezionati mediante screening qualitativo e quantitativo sono stati 
ulteriormente testati per la loro abilità nel produrre le attività enzimatiche di interesse 
mediante fermentazione su stato solido sugli scarti della produzione della birra 
(BSG), al fine di ottenere mix enzimatiche a basso costo da utilizzare nell'idrolisi delle 
biomasse lignocellulosiche.  
A. niger NRRL 3312 è risultato efficiente nel colonizzare lo scarto BSG, 
raggiungendo un picco di produzione di cellulasi pari a 118.04 U g-1 di sostanza 
secca (gds-1) ed un valore massimo di xilanasi di 1315.15 U gds-1 al 10° e 4° giorno 
di fermentazione, rispettivamente.   
Anche il ceppo P. sajor-caju INRA 3501 è risultato capace di colonizzare lo scarto 
BSG, raggiungendo la massima produzione di laccasi pari a 157.36 gds-1 al 4° giorno 
di fermentazione.   
Per quel che concerne il ceppo L. edodes INRA L 465, non sono stati condotti 
ulteriori esperimenti in quanto esso non ha dimostrato capacità di colonizzazione 
dello scarto BSG.  
Attraverso analisi di zimografia accoppiate ad analisi di proteomica è stato possibile 
identificare le attività d’interesse prodotte dai due microrganismi selezionati. 
 
• Selezione di nuovi microrganismi etanologenici per la produzione di 
etanolo di seconda generazione 
Al fine di selezionare un microrganismo etanologenico da utilizzare nei processi di 
conversione delle biomasse lignocellulosiche in etanolo di seconda generazione, sei 
ceppi - Saccharomyces cerevisiae NRRLY 12,908, S. cerevisiae NRRL YB 2293, S. 
cerevisiae NRRL Y 11,878, S. cerevisiae NRRL Y 2034 e Zigosaccharomyces rouxi 
NRRL Y 2547 - appartenenti alla collezione DEBB, sono stati analizzati per la loro 
abilità a produrre etanolo in mezzo sintetico.  Dopo 72 ore di fermentazione a 30 °C, 
è stato misurata la concentrazione di etanolo, ottenendo valori variabili tra 9.01 ± 
0.05 g/L e 10.82 ± 0.03 g/L. Il ceppo S. cerevisiae NRRL YB 2293 ha mostrato la 
maggiore resa pari a 0.27 g di etanolo su g di glucosio, corrispondenti al 53 % della 
massima resa teorica. Tale ceppo è stato selezionato per la conversione 
dall’idrolizzato AAT BSG1 in etanolo di seconda generazione.  
 
• Selezione di nuovi microorganismi per la produzione di acido lattico 
Sei ceppi - L. acidophilus ATCC 53672, L. acidophilus ATCC 43121, L. acidophilus 
ATCC 4356, L. lactis INRA 18, L. pentosus NRRL B-227, e L. plantarum NRRL B-
4496 – appartenenti alla Collezione DEBB, sono stati analizzati per la loro abilità nel 
produrre acido lattico, allo scopo di identificare il ceppo con le migliori prestazioni da 
applicare nei processi di conversione dell’idrolizzato BSG in acido lattico. L’analisi è 
stata condotta nel mezzo sintetico MRS (Man, Rogosa, and Sharpe, Oxoid), noto per 
essere un terreno ricco in grado di soddisfare le esigenze nutritive dei batteri lattici, 
incapaci di sintetizzare vitamina B ed amminoacidi. Durante le 96 ore di 
fermentazione sono stati monitorati la crescita cellulare, espressa come 
concentrazione di biomassa secca sul volume totale (g/L), il consumo di glucosio e la 
produzione di acido lattico.  
I risultati hanno mostrato notevoli differenze nella crescita cellulare dei ceppi 
analizzati, variando da un valore minimo di 1.9 ± 0.5 g/L per L. acidophilus ATCC 
4356 ad un valore massimo di 4.56 ± 0.5 g/L mostrato da L. lactis INRA 18. Per quel 
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che concerne la produttività volumetrica, è stato osservato un minimo di 0.22 g/L h 
per L. pentosus NRRL B-227 ed un massimo di 0.50 g/L h per L. acidophilus ATCC 
53672. L’analisi dell’YP/S, indice della quantità la quantità di acido lattico prodotto per 
glucosio consumato, rapportato alla massima resa teorica di acido lattico (1 g/g), ha 
mostrato un valore minimo di 0.52 g/g per il ceppo L. pentosus NRRL B-227 ed un 
massimo di 0.99 g/g per L. acidophilus ATCC 43121, seguito dai ceppi L. acidophilus 
ATCC 53672, L. plantarum NRRL B-4496, L. acidophilus ATCC 4356, e L. lactis 
INRA 18 con un valore di YP/S di 0.98 g/g, 0.96 g/g, 0.95 g/g, e 0.70 g/g, 
rispettivamente.  
Tra i ceppi analizzati, L. acidophilus ATCC 43121 è stato selezionato per la 
conversione dall’idrolizzato AAT BSG1 ed AAS BSG2, avendo mostrato la massima 
produzione di acido lattico, pari a 16.1 g/L, in 48 ore di fermentazione con una 
produttività volumetrica di 0.34 g/L h.  
 
• Identificazione e parziale caratterizzazione di un cocktail 
(emi)cellulolitico dal fungo Pleurotus ostreatus 
Al fine di identificare una fonte di carbonio in grado di indurre la produzione di 
cellulasi e xilanasi nel ceppo fungino Pleurotus ostreatus, sono state allestite crescite 
in presenza di differenti fonti di carbonio, quali carbossimetilcellulosa, cellulosa 
microcristallina, cellobiosio, soforosio, xilano, xilosio, xilitolo, arabinoxilano, galattosio 
e lattosio. L'andamento nel tempo relativo alla produzione di attività cellulasica e 
xilanasica ha evidenziato l'effetto induttivo della cellulosa microcristallina, grazie alla 
quale è stato ottenuto un picco massimo di produzione di 3.19 U/mL e 51.32 U/mL 
per cellulasi e xilanasi, rispettivamente, al 9° giorno di fermentazione.  
Espermenti di zimografia accoppiati ad analisi di proteomica hanno permesso di 
identificare 7 peptidi in corrispondenza dell’alone di attività xilanasica aventi omologia 
con la xilanasi HB188 da P. ostreatus, (identification number NCBI: gi 164562254). 
Riguardo l’attività cellulasica, in corrispondenza del primo alone di attività sono stati 
identificati 17 peptidi aventi omologia con l’1,4-β-cellobiosidasi (cbhI-1) da Pleurotus 
Florida (gi 146350520), mentre in corrispondenza del secondo alone di attività sono 
stati identificati 8 peptidi aventi omologia con l’1,4-β-cellobiosidasi (cbhI-3) da P. 
Florida (identification number NCBI: gi 146424871). 
Al fine di determinare le migliori condizioni di reazione da testare durante la 
saccarificazione della biomassa lignocellulosica di Arundo donax, è stata condotta 
una parziale caratterizzazione della mix enzimatica, determinando la temperatura e 
pH ottimali per l’attivita catalitica, la termoresistenza e la stabilità a pH. Gli enzimi 
sono risultati essere stabili in un ampio range di pH, mostrando massima attività 
cellulasica e xilanasica a pH 4.0 e 5.3, rispettivamente; entrambi gli enzimi 
presentano un optimum di attività alla temperatura a 50° C, temperatura a cui 
solitamente vengono condotte le reazioni di saccarificazione. Lo studio della 
termostabilità ha mostrato come l’emivita della cellulasi prodotta da P.ostreatus è di 7 
ore sia a 30 °C che a 40 °C, mentre quella della xilanasi è di 2 giorni a 30 °C e 7 ore 
a 40 °C.   
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Sviluppo di processi di conversione delle biomasse lignocellulosiche in 
prodotti ad alto valore aggiunto 
 
• Ottimizzazione statistica del processo di idrolisi della biomassa di 
Arundo donax mediante il cocktail enzimatico da Pleurotus ostreatus 
La mix enzimatica, costituita da cellulasi e xilanasi, prodotta dal fungo Pleurotus 
ostreatus è stata utilizzata in esperimenti di ottimizzazione statistica del processo di 
saccarificazione della biomassa lignocellulosica di Arundo donax. L'obiettivo è stato 
quello di ottenere la massima resa di zuccheri fermentabili, mediante l’identificazione 
delle variabili maggiormente influenti sul processo e la determinazione della loro 
combinazione ottimale. Durante gli esperimenti di ottimizzazione, la mix fungina è 
stata utilizzata in combinazione ad una mix di enzimi commerciali ad attività 
cellobiasica e β-xilosidasica (145U gds-1 di cellobiasi da Aspergillus niger e 8 U gds-1 
di 𝛽𝛽-xilosidasi termostabile), prodotte a bassi livelli dal fungo, ma necessarie alla 
completa idrolisi della componente polisaccaridica. In primo luogo, mediante l'analisi 
Plackett-Burman, sono stati identificati i paramenti operativi che maggiormente 
influenzano la resa di zuccheri idrolizzati ottenibili a fine processo. Lo studio è stato 
condotto su 11 variabili, quali temperatura, concentrazione della biomassa, pH, 
tempo di incubazione, unità di cellulasi gds-1 da P. ostreatus, unità di cellulasi gds-1 
da Trichoderma reesei ATCC26921 e 5 variabili fittizie; queste ultime sono state 
inserite nell'analisi come controllo interno al fine di ottenere una validazione dei 
risultati. Per ciascuna variabile sono stati considerati 2 differenti valori, uno massimo 
ed uno minimo combinati in 15 differenti esperimenti. Ciò ha consentito di 
identificare, nell'ordine, temperatura, pH e tempo quali parametri maggiormente 
influenti sulla resa del processo di idrolisi della biomassa di A. donax. 
Successivamente, l’analisi fattoriale 33 ha permesso di definire la migliore 
combinazione di tali parametri, al fine di massimizzare ulteriormente la resa in 
zuccheri fermentabili. Considerando 3 valori (uno massimo, uno minimo ed uno 
intermedio per le variabili temperatura, tempo e pH, ed il valore medio rispetto a 
quelli dell’analisi Plackett-Burman per le variabili risultate trascurabili, è stato ottenuto 
un pannello di esperimenti costituito da 30 differenti combinazioni. Il massimo 
risultato di 480.10 mg di zuccheri gds-1 è stato ottenuto ad una temperatura di 45 °C 
e  pH  3.5 dopo  96 ore di incubazione. Inoltre dall’analisi è emerso comel’interazione 
tra le variabili temperatura e tempo eserciti un forte effetto positivo sulla resa del 
processo. E’ stato osservato, infatti, che mantenendo costante il pH al valore di 3.5, 
la resa in zuccheri incrementa nell’intervallo di temperatura tra i 35 °C ed i 45 °C, 
andamento maggiormente evidente in corrispondenza delle 96 ore di incubazione. 
Dopo tale tempo, ulteriori incrementi di temperatura determinano un riduzione della 
resa di saccarificazione.  
I risultati ottenuti hanno mostrato come la mix enzimatica ad attività (emi)cellulolitica 
prodotta dal fungo P. ostreatus possa essere utilizzata nel processo di idrolisi della 
biomassa A. donax, arrivando ad ottenere una resa di zuccheri comparabile, in alcuni 
casi, a quelle ottenute utilizzando mix enzimatiche commerciali.  
• Produzione di etanolo di seconda generazione dagli scarti della 
produzione della birra 
L'idrolizzato AAT BSG1, ottenuto mediante pretrattamento acido-alcalino e 
saccarificazione dello scarto proveniente dal birrificio Bier Hoff (Curitiba-PR, Brasile), 
è stato utilizzato come substrato per la fermentazione del ceppo S. cerevisiae NRRL 
YB 229, precedentemente selezionato come il miglior produttore di etanolo in mezzo 
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sintetico. E' stata, quindi, valutatata sia la capacità di crescita del ceppo che l'abilità a 
produrre etanolo utilizzando un idrolizzato prodotto a partire da uno scarto 
lignocellulosico. L'idrolizzato AAT BSG1 è stato diluito per ottenere una 
concentrazione finale di 50 g/L di glucosio ad un pH di 6.0. I risultati hanno 
dimostrato le potenzialità dell'idrolizzato AAT BSG1 come mezzo di fermentazione 
per la produzione di etanolo, sia in assenza che in presenza di estratto di lievito, 
utilizzato come fonte di azoto. Sebbene in entrambi i terreni di fermentazione sia 
stata raggiunta una concentrazione simile di etanolo, è importante osservare che 
l’aggiunta dell’estratto di lievito ha determinato un aumento della produttività, 
favorendo l’assorbimento di glucosio e la crescita cellulare. Infatti, nell’idrolizzato 
AAT BSG1 arricchito con estratto di lievito è stata osservata una produttività di 0.53 
g/L·h, valore quasi due volte maggiore agli 0.25 g/L·h ottenuti in assenza della fonte 
di azoto. Nell’idrolizzato arricchito con estratto di lievito, la massima produzione di 
etanolo, pari a 12.79 ± 1.2 g/L e corrispondenti a 0.28 g di etanolo per g di glucosio 
(55% della massima resa teorica), è stata ottenuta dopo 24 ore, mentre in assenza di 
una fonte aggiuntiva di azoto una produzione simile, pari a 12.0 ± 1.2 g/L  
corrispondenti a 0.26 g di etanolo per g di glucosio (55 % della massima resa 
teorica), è stata ottenuta soltanto dopo 48 ore di fermentazione. 
 
• Produzione di acido lattico dagli scarti della produzione della birra 
Gli idrolizzati AAT BSG1 ed AAS BSG2, ottenuti dal pretrattamento e 
saccarificazione del BSG1 (birrificio Bier Hoff, Curitiba, Brasile) e del BSG2 (birrificio 
Maneba Striano, Italia), sono stati utilizzati come substrato per la produzione di acido 
lattico ad opera del batterio Lactobacillus acidophilus ATCC 43121, 
precedentemente selezionato come miglior produttore di acido lattico in mezzo 
sintetico. Gli idrolizzati BSGs, sia tal quali che addizionati con estratto di lievito, sono 
stati diluiti per ottenere una concentrazione finale di glucosio di 50 g/L ad un pH di 
6.0. I risultati hanno mostrato che, in presenza della fonte di azoto, la resa di acido 
lattico da idrolizato AAT BSG1 è stata incrementata da 0.48 g/g ad un valore di 0.60 
g/g (con un'efficienza di conversione del glucosio in acido lattico pari al 65 %) e da 
0.52 g/g ad un valore di 0.60 g/g utilizzando l’idrolizzato AAS BSG2. Anche la 
produttività volumetrica è risultata essere maggiore in presenza di estratto di lievito; 
infatti, in 48 ore di fermentazione, l’utilizzo dell’idrolizzato AAS BSG2 addizionato con 
estratto di lievito ha permesso di ottenere la concentrazione massima di acido lattico 
di 22.16 g/L, valore 27 % più elevato di quello ottenuto in assenza della fonte di 
azoto. Sebbene la migliore produzione di acido lattico sia stata ottenuta utilizzando 
l'idrolizzato AAS BSG2, anche nel caso dell'idrolizzato AAT BSG1 l’aggiunta della 
fonte di azoto ha consentito di ottenere una concentrazione di acido lattico di 12.26 
g/L, valore superiore agli 8.9 g/L osservati in assenza dell’estratto di lievito. E’ 
possibile che l’addizionata fonte di azoto abbia permesso di raggiungere un rapporto 
carbonio/azoto ottimale sia per la crescita del ceppo L. acidophilus ATCC 43121 che 
per la produzione di acido lattico.  
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Conclusioni 
 
In sintesi questo progetto di dottorato ha previsto: 
 
 la selezione di nuovi biosistemi appartenenti alla collezione DEBB, quali il ceppo 
Aspergillus niger NRRL 3312 ad attività (emi)cellulolitica ed il ceppo Pleurotus 
sajor-caju INRA 3501 ad attività ligninolitica, entrambi applicati in processi di 
fermentazione su stato solido su BSG per la produzione a basso costo di enzimi di 
interesse; inoltre, sono stati selezionati il batterio lattico Lactobacillus acidophilus 
ATCC 43121 ed il ceppo etanologenico Saccharomyces cerevisiae NRRL YB 
2293, testati nei processi di conversione dell'idrolizzato BSG in acido lattico ed 
etanolo, rispettivamente;  
 
 lo sviluppo di nuovi biocatalizzatori, un cocktail (emi)cellulolitico da Pleurotus 
ostreatus su cui è stata condotta una parziale caratterizzazione, ed un cocktail 
(emi)cellulolitico da Aspergillus niger NRRL 3312, le cui abilità idrolitiche saranno 
testate allestendo processi di saccarificazione per la conversione della 
lignocellulosa in zuccheri fermentabili; 
 
 l'ottimizzazione statistica del processo di saccarificazione della biomassa 
lignocellulosica Arundo donax mediante l'utilizzo del cocktail (emi)cellulolitico da 
Pleurotus ostreatus; 
 
 lo sviluppo di un processo di conversione dell'idrolizzato, ottenuto dal 
pretrattamento e saccarificazione dello scarto lignocellulosico BSG, in acido lattico 
mediante l'applicazione del batterio Lactobacillus acidophilus ATCC 43121; 
 
 lo sviluppo di un processo di conversione dell'idrolizzato, ottenuto dal 
pretrattamento e saccarificazione dello scarto lignocellulosico BSG, in etanolo 
mediante l'applicazione del ceppo Saccharomyces cerevisiae NRRL YB 2293.  
 
 
List of Abbreviations 
 
15 
 
 
List of Abbreviations 
 
ABTS: 2,2′-azino-bis(3-ethylbenz-thiazoline-6-sulfonic acid)  
AFEX: Ammonia Fiber Explosion  
AXE: Acetyl Xylan Esterase  
AZO-CMC: Azo-CarbossiMetilCellulosa/Azo-CarboxyMethylCellulose 
BG: β-glucosidases 
BSG: Brewers’ Spent Grain  
CAZY: Carbohydrate-Active EnZYmes 
CBH: cellobiohydrolases  
CBP: Consolidated BioProcessing 
CE: Carbohydrate Esterases  
CMC: CarbossiMetilCellulosa/CarboxyMethylCellulose 
DNS: dinitrosalicylic acid reagent  
EG: Endoglucanases  
EI: Enzymatic Index  
EXs: endo-β-xylanases 
FAE: Feruloyl Esterase  
gds: grams of dry substrate  
GH: Glycoside Hydrolases  
GHGs: Greenhouse Gas Emissions  
GRAS: Generally Recognized As Safe 
HMF: hydroxymethylfurfural  
IEA: International Energy Agency  
LDA: Lignin Degrading Auxiliary enzymes  
LiP: Lignin Peroxidase  
LO: Lignin Oxidases 
MnP: Manganese Peroxidase  
PL: Polysaccharide Lyases  
PVC: Polyvinyl Chloride 
SDS-PAGE: Sodium Dodecyl Sulphate-PolyAcrylamide Gel Electrophoresis 
SHF: Separate Hydrolysis and Fermentation  
Smf: Submerged fermentation 
SSCF: Simultaneous Saccharification And Co-Fermentation  
ssf: simultaneous saccharification and fermentation 
SSF: Solid State Fermentation 
US FDA: Food and Drug Administration 
VP: Versatile Peroxidase 
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1.1 Lignocellulosic biomasses as a renewable alternative to fossil-based 
resources 
Currently, the worldwide energy generated derives almost exclusively from 
petrochemical feedstock. It was estimated by the International Energy Agency 
(IEA) that, in 2014, primary sources of energy consisted of petroleum (39.9 %), coal 
(11.5 %), natural gas (15.1 %) and others (33.5 %) [1]. The main problem related to 
the fossil-based resources is their limitation in supply due to the non-renewability; 
indeed, it was calculated that depletion times for oil, coal and gas are of about 35, 
107 and 37 years, respectively. This means that coal reserves will be available up to 
2112, and will be the only fossil fuel source remaining after 2042 [2]. The shortage of 
energy fossil sources, the global warming, the high release of greenhouse gas 
emissions (GHGs) and the waste recycling problem prompted an increasing 
worldwide interest in alternative renewable sources of energy. The European 
Parliament with the DIRECTIVE 2009/28/CE - also known as “Climate-Energy 
package 20-20-20” - establishes national renewable energy targets that result in an 
overall binding target of a 20 % share of renewable energy sources in energy 
consumption by 2020 and a binding 10 % minimum target for renewable fuels in 
transport to be achieved by each Member State. 
Lignocellulosic biomasses derived from dedicated crops and agro-industrial residual 
materials are the most promising renewable sources to be used as alternatives to the 
fossil-based ones, minimizing the problematics of the modern industrial societies [3]. 
They are inexpensive and largely available around the world. The large-scale 
cultivation of dedicated crops, like the perennial biomass Arundo donax, in marginal 
lands non appropriate for the traditional food crops is spreading throughout the world, 
limiting the competition between the food- and the non food-crop lands, and 
improving the soil fertility [4]. On the other hand, lignocellulosic agro-industrial 
residual materials represent an alternative cheap source that allow to further 
minimize the conflict food versus fuel, avoiding the displacement of food crops and 
the issues related to the deforestation [5]. The lignocellulosic biomasses consist of 
mainly three polymers - cellulose, hemicellulose and lignin - organized into complex 
amorphous three-dimensional structures, with a different relative composition 
depending on the specie (Fig. 1). The cellulose, composed of (1,4)-D-glucopyranose 
units linked through β-1,4 glycosidic bonds, is the major component of lignocellulosic 
biomass, accounting for about 40-50 % of the weight of dry wood. Hemicellulose, a 
mixture of various monosaccharides, such as xylose, arabinose, mannose and 
galactose, organized in a heterogeneous and ramified polymer, is the second most 
abundant polymer of lignocellulosic biomass, accounting for 25-35 % of total dry 
wood. At last, lignin represents the smallest heterogeneous polymer of the 
lignocellulosic biomass, with a 10-25 % of total dry wood and it consists of phenyl-
propane, methoxy groups and noncarbohydrate poly phenolic substance, commonly 
linked by ether bonds [6]. Table 1 shows the composition of some common 
lignocellulosic feedstocks. Due to the high cellulose and hemicellulose contents, the 
lignocellulosic biomasses can be converted into a wide range of added value 
bioproducts, such as enzymes, biofuels, organic acids, biopolymers, bioelectricity, 
and molecules for food and pharmaceutical industries. Many biotechnological 
processes are being developed and optimized in order to obtain eco-friendly and 
cost-effective bioproducts that meet the world's energy and chemicals needs, as 
describes in the paper “Waste valorization by biotechnological conversion into 
added value products” (See Appendix IV - Other publications). 
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Table 1: Percentages of cellulose, hemicellulose and lignin dry weight content in common 
lignocellulosic biomasses. 
 
Lignocellulosic biomass   Lignin (%)   Hemicellulose (%)   Cellulose (%) 
Sugar cane bagasse 20 25 42 
Corn stover 19 26 38 
Brewers’ spent grain 12 34 14 
Eucalyptus 24 25 45 
Newspaper 18-30 25-40 40-55 
Wheat straw 16-21 26-32 29-35 
Corn cobs 15 35 45 
Rice straw 18 24 32 
Sweet sorghum 21 27 45 
Bagasse 23 16 54 
 
                  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Macromolecular structure of lignocellulosic biomass. Cellulose microfibrils are embedded 
into a matrix consisting of lignin and hemicellulose in the cell wall.  
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1.2 Conversion process for lignocellulosic wastes upgrading into added value 
products 
Due to the complexity of the lignocellulose structure, the conversion process into 
added value bioproducts commonly requires the following main steps: i) a 
pretreatment to remove the recalcitrant lignin; ii) the enzymatic hydrolysis of the cell 
wallpolysaccharides into monomeric sugars by using enzymatic cocktails mainly 
composed of cellulases and hemicellulases, and iii) the fermentation of both exoses 
and pentoses to generate upgraded bioproducts (Fig. 2). These three steps are 
largely described in the paper "The second generation ethanol production" (See 
Appendix IV - Other publications), with a particular focus on the main routes to 
produce bioethanol from lignocellulosic crops.   
 
 
   
 
Figure 2. Main steps of lignocellulosic biomass upgrading into added value bioproducts. 
  
1.2.1 Pretreatment 
An effective pretreatment of lignocellulosic biomasses is aimed at increasing the 
accessibility and digestibility of the (hemi)cellulose fraction, thus improving the 
subsequent enzymatic hydrolysis. Extensive researches are focusing on 
pretreatment optimization, in order to develop processes that maximize lignin 
removal and minimize  sugars loss,  toxic compounds generation and  overall 
operating costs.  
The pretreatment of lignocellulosic biomasses are mainly classified into physical, 
chemical and biological methods. The physical pretreatment increases the surface 
area by reducing the size of the biomass; the chemical methods remove and/or 
dislocate the hemicellulose and lignin, thus, loosening the structural network of lignin 
and holocellulose, whilst the biological pretreatment mainly causes the delignification 
of lignocellulosic biomass. 
1.2.1.1 Physical, chemical and physico-chemical pretreatment 
Physical treatments enhance the digestibility of (hemi)celllulose component through 
the reduction of particles size of lignocellulosic material; the required energy depends 
on the final particle size and the macromolecular structure of the feedstock [33]. 
Among all the physical treatments, pyrolysis, microwave and extrusion are known as 
the most efficient and cost-effective ones. The pyrolysis involves the decomposition 
of cellulose into H2 and CO by using temperatures higher than 300 °; the microwave 
treatment leads to the degradation of lignin through the transfer of heat from waves 
to organic molecules [9]. The extrusion, that allows to mix, heat and shear the 
lignocellulosic biomasses, is receiving great attention since the process does not 
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generate furfural, hydroxymethylfurfural (HMF) and effluent and it can be carried out 
in a continuous operation mode [34]. Chemical processes are the major studied 
methods for the lignocellulose pretreatment and they involve the use of a wide range 
of chemical agents [13]. Among them, acid and alkaline treatment, organosolv and 
ozonolysis are the most well-known. The acid treatment promotes the hemicellulose 
hydrolysis, involving the use of concentrated or diluted acids (usually between 0.2 % 
and 2.5 % w/w) at temperatures between 130-210 °C [36]. In the alkaline 
pretreatment, biomass is treated with alkali such as sodium, potassium, calcium and 
ammonium hydroxides at normal temperature and pressure; it is considered a slow 
process in comparison with the other ones, requiring hours or days rather than 
minutes or seconds [37]. The organosolv treatment is based on the use of organic 
solvent - ethanol, methanol, acetone - or mixtures of them in combination with water, 
that causes the breach of the internal bonds in lignin and also of those between lignin 
and hemicellulose [38]. The ozonolysis treatment attacks the aromatic rings of the 
lignin structure without damaging hemicellulose and cellulose [9]. In order to increase 
the efficiency of the process, a combination of physico-chemical treatments have 
been recently considered (Fig. 3); among the several developed methods, the steam 
explosion and the ammonia fiber explosion (AFEX) are the major investigated [39]. 
During the steam explosion, the biomass is subjected to a combination of high 
temperatures (180 to 240 °C) and pressures (from 145 to 435 psi) for few seconds to 
several minutes, followed by a quickly pressure reduction, causing the hemicellulose 
degradation and lignin transformation [40].  
Figure 3. Schematic effects of the physico-chemical pretreatment on the lignocellulosic structure.  
 
The AFEX treatment involves the use of ammonia at high temperatures (60-100 °C) 
and pressures (250-300 psi) for 5 min, followed by a rapid decrease of pressure; it 
causes the modification of lignocellulosic structure with a de-crystallization of 
cellulose, whereas the macromolecular composition remains unchanged [41]. 
Although physico-chemical processes are the most largely applied lignocellulosic 
pretreatment methods, they cause environmental damages due to the high energy 
and expensive chemical compounds required. Moreover, toxic substances that 
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Figure 4. Pleurotus ostreatus on Brewers’ 
spent grain 
 
interfere with both (hemi)cellulolytic enzymatic activities and microbial fermentation, 
are generated during the process [7]. This requires an additional detoxification step 
that further increases the wastewater production and the overall costs of the process.  
 
1.2.1.2 Biological pretreatment 
The biological treatment is considered a promising approach for delignification of 
lignocellulosic biomass, since it does not require additional energy or chemicals, 
minimizing the negative impact on the environment [8]. Nevertheless, the process 
has not been largely applied because it requires a long time (about 3–5 months), 
results in very high feedstock loss and the rate of following hydrolysis is very low [42]. 
In the last decade, many efforts were focused on the biological treatment operative 
parameters optimization in order to maximize the delignification rate and, at the same 
time, the yield of the obtainable added-value bioproducts [43,44,45]. Biological 
pretreatment methods can be divided into three categories: fungal, microbial and 
enzymatic delignification.  
The best effective fungal strains that can be employed in the biological delignification 
are brown and white rot fungi, which synthesize high level of ligninolytic enzymes. 
Brown rot fungi attacks cellulose while 
white and soft rots fungi attack both 
cellulose and lignin [9].  
The Solid State Fermentation (SSF) 
through white-rot Basidiomycetes is the 
most investigated method for the 
biological biomass delignification (Fig. 4). 
Besides its numerous advantages, such 
as the use of low temperatures and 
pressures and no water and chemical 
agents requirement [46], the SSF also 
prevents the formation of toxic 
compounds that could inhibit the following 
hydrolysis and fermentation steps. 
A single bacterium or a bacterial 
consortium have been widely investigated 
for their ability to delignify lignocellulosic 
biomasses [8,47].  In comparison to the fungi, the bacterial strains show lower level 
of (hemi)cellulolytic activity production, reducing the loss of cellulose with a 
significant advantages in the recovery of fermentable sugars [48,49]. Cultures 
composed of different known or unknown bacterial strains, thanks to their great self-
evolution abilities and adaption, allow to perform the treatment with less restriction of 
the operative conditions such as pH, sterilization, temperature and nutrients [26].  
The biomass delignification carried out by ligninolytic enzymes - laccases, lignin 
peroxidases (LiP), manganese peroxidases (MnP) and versatile peroxidases (VP) - is 
considered a feasible biomass treatment in alternative to the use of fungal and 
microbial strains [50,51]. Higher delignification rate and quicker process are two of 
the main advantages that the use of enzymes gives in comparison to the 
microorganisms [11]. Moreover, the enzymatic delignification could be carried out in 
a wide temperature and pH ranges, the nutrient supplementation is not required and 
there is not sugars consumption [52]. The main bottelneck is represented by the high 
cost of the enzymes and, for this reason, many researches are aimed at producing 
customized enzyme systems with improved hydrolysis efficiencies. Recently, the 
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interest is moving towards the expression of optimized enzymes in a cell factory; 
indeed, the use of one microorganism engineered with genes from various sources 
allows to reduce the impact from an economic point of view [53]. 
1.2.2 Hydrolysis 
After the biomass pretreatment, saccharification of the accessible (hemi)cellulose 
component is carried out. Among the several developed methods (thermal, chemical 
and biochemical), the enzymatic hydrolysis is generally preferred due to the mild 
operation conditions, higher conversion yields, low energy cost, and less corrosive 
and toxic conditions in comparison to to the other hydrolysis methods [54]. 
Due to the complexity of the lignocellulosic structure the activities of multiple 
hydrolytic enzymes are required for a complete deconstruction of the cellulose and 
hemicellulose components. Hydrolytic enzymes are produced as either free 
cellulases or complexed cellulases, called cellulosomes [55]. Cellulosome systems 
are multi-enzymatic complexes, consisting of two subunit types, the scaffolding and 
the enzymatic subunits. The structural scaffolding subunits contain a carbohydrate-
binding module that binds the cellulose surface and multiple copies of cohesins 
(named dockerins) that interact with the enzymatic subunits, Cellulose Binding 
Domains (CBD) and Carbohydrates Binding Modules (CBM). 
According to Carbohydrate-Active EnZYmes (CAZY) [56] and Fungal Oxidative 
Lignin Enzymes (FOLy) databases [57], lignocellulose-degrading enzymes belong to 
Glycoside Hydrolases (GH), Polysaccharide Lyases (PL), Carbohydrate Esterases 
(CE), Lignin Oxidases (LO), and Lignin Degrading Auxiliary enzymes (LDA) families. 
Among the GH, a wide spread group of enzymes which hydrolyse the glycosidic 
bond between two or more carbohydrates, or between a carbohydrate and a non-
carbohydrate moiety carbohydrate moiety, three major classes can be found: the GH, 
a wide spread, are divided in three major classes: endoglucanases, exoglucanases 
and β-glucosidases [58]. Endoglucanases (EG) or 1,4-β-glucanases (EC 3.2.1.4) 
randomly hydrolyze intramolecular β-1,4-glucosidic linkages, creating new chain-
ends; exoglucanases or cellobiohydrolases (CBH) (EC 3.2.91) hydrolyze the 1,4- 
glycosidic linkages from the reducing or non–reducing ends to form cellobiose; β-
glucosidases (BG) (EC 3.2.1.21) hydrolyze cello-oligosaccharides and cellobiose into 
glucose eliminating cellobiose inhibition.  
In addition to the three major groups of cellulose enzymes, there is also a number of 
hemicellulases which hydrolyze the hemicellulose component. Due to the more 
varied composition of this polysaccharide, enzymes degrading hemicellulose are 
divided into two major groups: depolymerising enzymes, which cleave the backbone, 
and enzymes that remove substituents. Among all the hemicellulases, most studies 
were focused on enzymes that hydrolyze xylan, such as endo-β-xylanases (EXs) and 
β-xylosidases. Endo-1,4-β-xylanase (1,4-β-D-xylan xylanohydrolases, EC 3.2.1.8) 
cleaves the glycosidic bonds in the xylan backbone releasing shorter xylo-
oligosaccharides; β-xylosidase (1,4-β-D-xylan xylohydrolase, EC 3.2.1.37) cleaves 
the small xylo-oligosaccharides  into xylose.  
The (hemi)cellulolytic enzymes are produced by several microorganisms such as 
fungi, bacteria, yeast, and marine algae. Filamentous fungi are interesting producers 
because the enzymes are secreted at levels higher than those of yeasts and bacteria 
[59,60]. 
Moreover, in order to completely convert the polysaccharides into fermentable sugars 
(xylose, mannose, arabinose), also several accessory enzymes are needed, such as 
acetyl xylan esterases (AXE, EC 3.1.1.72), feruloyl esterases (FAE, EC 3.1.1.73), 
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glucuronoyl esterases, α-L-arabinofuranosidases (EC 3.2.1.55), α-glucuronidases 
and mannanases [61].  
 
1.2.3 Fermentation 
Once lignin has been removed and the saccharification of the (hemi)cellulose 
portions has been carried out, the final step to be performed is the fermentation of 
sugars into the desired added value products. Two main routes can be followed for 
added value products generation, such as Separate Hydrolysis and Fermentation 
(SHF) and Simultaneous Saccharification and Fermentation (ssf).  
In SHF, the bioconversion of lignocellulose takes place in two separate reactors, thus 
separating the saccharification and the fermentation processes, resulting in the quick 
and easy possibility to optimize each production step, with conduction of each 
process at the optimal conditions of pH and temperature [12]. 
In ssf, enzymatic hydrolysis and fermentation are carried out together, using a unique 
reactor. By taking place in the same reactor, this kind of process has a number of 
advantages, such as the reduction of costs and the increase of hydrolysis rate, 
besides the possibility to make the fermentable sugars immediately available to 
micoorganisms. However, the ideal pH or temperature conditions for the 
saccharification step may differ from those of the fermentation; thus, it is very difficult 
to find favorable conditions for both processes [62]. 
On the other side, Consolidated BioProcessing (CBP) can provide an important 
contribution to reduce the costs of the bioconversion process, due to the use of a 
single engineered microorganism, able to directly convert cellulose into a value 
added product of interest by using its own enzymatic machinery.  
 
1.2.3.1  Ethanol fermentation 
A biological conversion of hexoses and pentoses, derived from a saccharification of 
pretreated lignocellulosic biomasses, into ethanol could be carried out by a variety of 
microorganisms, such as bacteria, yeast, or fungi. Saccharomyces cerevisiae is the 
most widely used organism for ethanol production from hexoses [62], whilst Pichia 
stipitis and Candida shehatae are the main yeasts able to ferment both hexose and 
pentose sugars to ethanol [63]. Bacteria belonging to the species Clostridia and 
Zymomonas [64], and fungi such as Fusarium spp. have been also demonstrated to 
be useful for ethanol production [65].  
Since during the pretreatment and hydrolysis of lignocellulosic biomasses, many 
toxic compounds, that could inhibit the fermentation step, are generated [42], 
development of inhibitor-tolerant strains of microorganisms could be one of the 
approaches to improve the second generation ethanol production [66]. 
Besides the SHF and ssf, CBP has been so far recognized as the best system to 
reduce the cost of biomass processing, by combining the hydrolysis of the 
polysaccharides and the subsequent fermentation of the hexose/pentose sugars (Fig. 
5). There are two main routes to perform CBP: category I is based on the use of a 
cellulase producing microorganisms, mainly fungi like Trichoderma, Aspergillus, 
Rhizopus and Fusarium engineered to ferment sugars into added value products with 
high titers of conversion [67], while category II uses ethanologenic microorganisms, 
both yeasts (Trichoderma, Aspergillus, Rhizopus and Fusarium) and bacteria 
(Escherichia coli and Zymomonas mobilis) engineered to be cellulolytic [68]. 
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1.2.3.2   Lactic acid fermentation 
The sustainable production of lactic acid through fermentation of lignocellulosic 
hydrolysates is predicted to significantly replace the chemical synthesis route based 
on the use of fossil resources [69]. The overall goal of the lactic acid fermentation 
process is to increase the product yield and productivity, improving the end-product 
recovery.  
Fungi (e.g. genus Rhizopus) and lactic acid bacteria are the most widely employed 
microorganisms for lactic acid production [18]. Although the lactic acid fermentation is 
relatively fast and easy, many efforts were focused on the selection of the most 
favorable operative conditions, such as temperature, pH, aeration and agitation, 
which vary depending on the microorganism used, in order to improve the lactic acid 
yield. Moreover, the choose of homofermentative or heterofermentative 
microorganims leads to the production of one of the two stereoisomers of lactic acid 
or to their racemic mixture, respectively [70].  
Currently, the SHF is the main route utilized for the lactic acid production from 
lignocellulosic biomasses [25,23,71], even if many efforts are focusing on the 
development of new microbial strains suitable for lactic acid production throughssf 
[72,22,73].  
Last advances in the lactic acid production from lignocellulosic hydrolysate via 
fermentation regard the development of a CBP through a thermophilic bacteria, 
named Paenibacillus macerans IIPSP3 (MTCC 5569). This strain is not only capable 
of hydrolysing cellulose to glucose but also further fermenting it to L-Lactic acid under 
aerobic conditions, without any growth inhibition in presence of lignin [74].  
 
Figure 5. Processes of sugars and bioethanol production. SHF separate hydrolysis and fermentation, 
ssf simultaneous hydrolysis and fermentation, SSCF simultaneous saccharification and 
cofermentation of both hexoses and pentoses. 
 
1.3 Strategies to improve lignocellulosic conversion into added value 
bioproducts 
Although several advances have been achieved, the lignocellulosic biomass 
upgrading into added value products still shows issues that interfere with the 
development of a cost-effective and eco-friendly conversion process. 
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As far as concern the pretreatment, the need is to reduce and/or avoid the use of 
chemicals and high energy input, typically required by the most largely employed 
physico-chemical methods. Thus, the efforts were focused on the solid state 
fermentation as biological treatment, in order to reduce the process time together 
with the microbial and chemical contaminants, that can decrease the followed 
saccharification yield.   
Moreover, it is worth noting that, the solid state fermentation by fungal strains have 
been also largely exploited as a process to produce (hemi)cellulolityc enzymes at low 
costs, due to the use of cheap raw materials as substrate [75,76]; indeed, many 
fungal strains are known to be  good producers of lignin-degrading as well as 
(hemi)cellulolytic enzymes [77]. In table 2, a list of various lignocellulosic biomasses 
used as substrate for the production of different lignocellulolityc enzymes was 
reported.   
 
Table 2. Various lignocellulosic biomasses used for the production of different microbial enzymes. 
Lignocellulosic biomass            Microorganism  Enzymes produced 
Corn cobs Trametes versicolor; 
Phanerochaete chrysosporium, 
Aspergillus niger 
MnP, LiP, laccase, 
protease, xylanase 
Banana stalk Schizophyllum commune, 
Phanerochaete chrysosporium, 
Trametes versicolor; 
Pleurotus ostreatus 
MnP, LiP, laccase, 
xylanase, 
endoglucanase 
Rice bran Aspergillus niger Protease 
Wheat bran Aspergillus niger,  
Morchella sculenta, 
Fomes sclerodermeus,  
Trametes versicolor 
Protease, endoglucanase, 
β-glucosidase, laccase, 
MnP 
Eucalyptus residue Lentinus edodes Xylanase, cellulase, 
MnP, laccase 
Tomato Pomace Pleurotus ostreatus, 
 Trametes versicolor 
laccase, protease 
 
The low-cost enzymes production is the main challenge for the development of a 
competitive bioconversion process; indeed, actually, the hydrolysis step has the 
higher economic impact on the overall bioconversion process, truly due to the high 
lignocellulolytic enzymes costs [55]. 
For this reason, research is looking for new (hemi)cellulases with higher efficiencies, 
increased stability at elevated temperatures and at extreme pH values, and higher 
tolerance to end-products inhibition. A combination of genomic, transcriptomic and 
proteomic analysis allows to i) enhance enzymes from natural sources through 
rational design and directed evolution strategies [29], ii) discover new enzymes by 
metagenomic approach [30] and, iii) design  artificial enzymes with suitable 
properties [78].  
The enzymatic hydrolysis of lignocellulose is also affected by temperature, time, pH, 
enzyme loading, product concentration, and biomass structural features. Many 
studies were focused on the statistical optimization of pretreated biomass 
saccharification, in order to identify the most significant parameters and their 
combined effect on the sugars release [79,80,81].  
Moreover, several efforts are under way to improve bioreactor systems adopted for 
the biomasses bioconversion process, in order to solve the environmental and 
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economical issues of the process [82,83]. The review “Bioreactors for 
lignocellulose conversion into fermentable sugars for production of high 
added value products” (See Appendix IV - Other publications), summarizes the last 
advances in the bioreactor field, with main focus on the new configurations and 
agitation systems, for conversion of dedicated energy crops and residual materials 
into sugars and ethanol by separate hydrolysis and fermentation (SHF), 
simultaneous saccharification and fermentation (ssf), simultaneous saccharification 
and co-fermentation (SSCF) and consolidated bioprocessing (CBP). 
 
1.4 Integrated Biorefinery concept 
Biorefinery, defined as “the sustainable processing of biomass into a spectrum of 
marketable products and energy” [84], should minimize the dependence on fossil-
based resources and the generation of solid/liquid wastes, that was estimated, in the 
2010, to be between 7 to 10 billion tonnes [85].  
In the Biorefinery platform, where the upstream, midstream, and downstream 
processes for biomass conversion into fuels, power, and chemicals are integrated, 
the wastes is consided as a renewable resources that can be used again and again, 
replacing the exhaustible fossil-based sources. Indeed, in the biorefinery platform 
takes place the circular economy, based on the closed-loop system aimed at 
maximizing the recovery of raw materials derived from the waste at end-of-life [86]. In 
the manuscript “Biological treatment processes for advancing waste biorefinery 
and advocating circular economy” (See Appendix IV - Other publications), the last 
advances in the biological processes for lignocellulosic wastes upgrading  were 
described, focusing  the attention on the closed loop approach advocated by the 
circular economy and realized through the biorefinery platform. Moreover, biorefinery 
concept is based on the sustainability, taking into account the possible 
consequences due to the competition for food and biomass resources, the impact on 
water use and quality, changes in land-use and fertility, net balance of GHGs, impact 
on biodiversity, potential toxicological risks, and energy efficiency.  
Depending on the type of raw materials used, the biorefinery were classified into 
whole crop biorefineries (first generation), lignocellulosic feedstock biorefineries 
(second generation), oleochemical biorefineries, green biorefineries, and marine 
biorefineries [87]. The first generation biorefinery uses sugar- or starch-rich edible 
crops, such as sugarcane and starch, determining the food versus fuel conflict, while 
the secon generation ones allow to avoid this conflict by using industrial and food 
wastes, and lignocellulosic feedstocks [88]. Oleochemical biorefineries uses fatty 
acids, fatty esters, and glycerol from oil crops to produce chemicals, lubricants, and 
surfactants [89]; green biorefineries produced water-soluble compounds (lactic acid, 
amino acids) and fibers starting from grass [90] and, the marine biorefineries use 
microalgae and macroalgae and their derived products as sources for the production 
of added value bioproducts [91]. 
After the first oil crisis, the first and the second generation biorefineries have 
undergone a considerably development, contributing to the increase of the renewable 
resources usage [92]. In 2013, the renewable energy/resource supplied a 19.1 % of 
the global energy request, and furthermore, this contribution is continued to expand 
in 2014 [93]. Biomass processing for energy purposes, such as ethanol and biodiesel 
generation, is concentrated in a small number of countries, including the USA, Brazil, 
Spain and the Netherlands. Currently the USA and Brazil are the major fuel ethanol 
producers, reaching the 87 % of the global fuel ethanol production [93]. In the USA, 
the biofuels industry has undergone significant expansion in recent years focusing 
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the efforts on the improvement of first-generation biofuels production; in Brazil, the 
great  development of the sugar cane industry, that has led to the highest penetration 
worldwide of flex-fuel vehicles, now attracts additional investments in bio-based 
plastics, for example PVC (Polyvinyl chloride). In Europe the biorefinery platforma 
are not yet widely spread; thus, many efforts have been focused on the development 
of future biorefineries, through an improvement of a sustainable crops production, 
investment in agriculture, new public police incentives, training and cooperation 
initiatives [94].  
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1.5 Aims of the thesis 
The overall aim of this PhD project is to improve technologies and biological tools for 
conversion of lignocellulosic biomass by eco-friendly and eco-efficient production of 
high added value bioproducts, such as lignocellulolytic enzymes, bioethanol and 
lactic acid. The exploited lignocellulosic biomasses involved both dedicated energy 
crops, cultivated on marginal land of the Campania region (e.g. Arundo donax), and 
lignocellulosic agro-industrial wastes abundantly discharged in EU (e.g. Brewers’ 
spent grain). The activities of this PhD project were carried out in the frame of the 
project BIOASSORT, a Marie-Curie action aimed at the “Improvement of 
technologies and tools, e.g. biosystems and biocatalysts, for waste conversion to 
develop an assortment of high added value eco-friendly and costeffective bio-
products”(318931). 
 
One of the main objective is aimed at enlarging the assortment of the patrimony of 
microbes for lignocellulosic biomass valorisation, achieved by: 
 
i) selection of lignocellulolytic, ethanologenic and lactic acid microorganisms 
belonging to the “Strain Collection of the Bioprocess and Biotechnology 
Division” from the Department of “Engenharia de Bioprocessos e 
Biotecnologia”, University Federal do Paraná (DEBB), Curitiba-PR, Brasil 
(Bioassort’s partner); 
ii) production of lignocellulolytic enzymes by the new selected microorganisms 
through solid state fermentation on lignocellulosic biomass; 
iii) identification and characterization of new enzymatic cocktails, containing 
(hemi)cellulolytic activities, produced by the new selected lignocellulolytic 
microorganisms; 
iv) exploitation of the fungal strain Pleurotus ostreatus, that was so far largely 
investigated in the laboratory where the activities of this PhD project were 
carried out, as a source of (hemi)cellulolytic enzymatic cocktails for 
(hemi)celluloses conversion. 
 
On the other side, another main objective of this PhD project is aimed at setting up 
the conversion processes for the lignocellulosic biomass upgrading into ethanol and 
lactic acid, improving their production yields. The main outlines concerning this task 
are following reported: 
 
i) investigation of an efficient pretreatment for the agro-industrial residue 
Brewres’ spent grain in order to remove lignin and improve accessibility of 
polisaccharides for the following enzymatic saccharification; 
ii) optimization of Arundo donax saccharification through the (hemi)cellulolytic 
enzymes produced by Pleurotus ostreatus; 
iii) development of fermentation processes by using the sugar mixture, obtained 
by enzymatic hydrolysis of pretreated Brewers’ spent grain, as fermentation 
medium for the growth of the new ethanologenic and lactic acid 
microorganisms.  
 
The operative goals previously described aim at the general objective of developing a 
new eco-friendly end cost-effective valorization process for the production of ethanol 
and/or lactic acid from lignocellulosic biomasses. 
 
 
  
  
Chapter II 
      Development of new  
biosystems and biocatalysts  
for waste upgrading 
 
 Chapter II 
 
29 
 
2.1 Introduction 
In nature, many microorganisms, including fungi and bacteria, are able to degrade 
cellulose and other plant cell wall fibres by using several lignocellulolytic enzymes. 
Biomass degradation is performed mainly by complex enzymatic mixtures consisting 
of cellulases [95], hemicellulases [96] and ligninases [97], acting in a synergistic 
manner due to the complexity of the lignocellulosic material.  
Since 1976, over 14,000 fungal species capable of degrading cellulose have been 
isolated, but only few of them – such as ascomycetes (e.g. Trichoderma reesei), 
basidiomycetes including white-rot fungi (e.g. Phanerochaete chrysosporium), brown-
rot fungi and few anaerobic species which degrade cellulose in gastrointestinal tracts 
of ruminant animals - were so far investigated [65].  
Fungi such as T. reesei and A. niger produce large amounts of free extracellular 
cellulolytic enzymes, whilst bacterial and few anaerobic fungal strains mostly produce 
cellulolytic enzymes assembled in a complex called cellulosome. As far as concern 
the basidiomycetes, they have unique oxidative systems that together with ligninolytic 
enzymes are responsible for lignocellulose degradation. 
Among the basidiomycetes, one of the main studied strain is the white rot fungus 
Pleurotus ostreatus. Its genome has been fully sequenced [98], showing several 
genes coding for glycoside hydrolases (cellulases, xylanases, arabinofuranosidases, 
mannanases, pectinases), and ligninolytic enzymes (e.g. laccase), that find 
application in several industrial fields [99,100]. 
 
This chapter deals with the results concerning the development of new biosystems 
and biocatalysts for lignocellulosic biomass upgrading.  
The following section 2-I, deals with the description of the activities carried out in the 
laboratory of Dr. Carlos Ricardo Soccol at the Department of “Engenharia de 
Bioprocessos e Biotecnologia” (DEBB) (Universidade Federal do Paraná, Brazil), in 
the frame of the project BIOASSORT. In detail, this section describes the results 
achieved starting from the selection of 32 lignocellulolytic fungal strains, belonging to 
the DEBB collection, for their ligninolytic, cellulolytic and xylanolytic activities 
production. 
In the section 2-II, the paper  “Optimization of Arundo donax saccharification by 
(hemi)cellulolytic enzymes from Pleurotus ostreatus” describes the statistical 
analysis of the lignocellulosic biomass Arundo donax saccharification through the 
application of (hemi)cellulolytic enzymes produced by Pleurotus ostreatus, in order to 
identify the most significant parameters affecting the process. 
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2.2 Results  
 
Section 2-I   
 
2.2.1 Screening of fungal strains for cellulolytic, xylanolytic and ligninolytic 
activities production 
 
2.2.1.1 Evaluation of enzymes production on solid medium 
32 fungal strains from the DEBB Collection, belonging to the Lentinus, Pleurotus and 
Aspergillus spp, were analyzed for their cellulolytic and xylanolytic abilities by 
assessment of fungal growth and enzymes production on agar plates containing 
carboxymethylcellulose (CMC) or xylan as the sole carbon source. All the 
investigated strains were able to hydrolyze these substrates, showing to grow on 
them.  
The screening was performed by a Congo red test, based on a formation of 
hydrolysis halo around the fungal colony, corresponding to the region of action of 
(hemi)cellulolytic enzymes; indeed, the Congo red dye only remains attached to 
regions where β-1,4-D-glucanohydrolase bonds were not hydrolysed [101]. 
According to Florencio et al. [102], the selection of strains that can efficiently degrade 
polysaccharides was carried out by evaluating the Enzymatic Index (EI), a ratio 
between the diameter of hydrolysis halo and the diameter of fungal mycelium. Fungal 
strains that showed an EI equal or higher than 1.4 were selected for the subsequent 
investigation of cellulases and xylanases production in liquid culture. Table 3 shows 
the EI of the investigated fungal strains after 5 days of incubation at 30 °C. The 
values given represent the average of the measurements of 2 experiments 
performed independently under the same conditions.  
The strains L. edodes INRA L 465 (EI = 1.58), INRA 790 (EI = 1.4) and INRA 1022 
(EI = 2.2) were selected for cellulase activity production, whilst the strains Lentinus 
edodes INRA 6635 (EIcell = 1.5 and EIxyl = 1.5), INRA 6647 (EIcell = 1.4 and EIxyl = 
1.4) and INRA 6614 (EIcell = 1.4 and EIxyl = 1.4) and the strains A. niger NRRL  599 
(EIcell 1.4 and EIxyl = 2.0), NRRL  2270 (EIcell =  1.5 and EIxyl = 2.6), NRRL  334 
(EIcell =  1.4 and EIxyl = 1.4), NRRL  3312 (EIcell = 1.4 and EIxyl = 1.7), NRRL  1278 
(EIcell = 1.4 and EIxyl = 2.0) and NRRL  511 (EIcell = 1.5 and EIxyl = 1.4) were 
selected for both cellulase and xylanase activities production. All these strains were, 
therefore, further analysed for a quantitative estimation of cellulase and xylanase 
production in liquid culture. 
All the Aspergillus, Pleurotus and Lentinus strains were also investigated for their 
ligninolytic ability by using solid medium supplemented with the indicator Guaiacol. 
According to Ang et al. [103], the presence of ligninolytic activity was detected by 
observing the formation of a reddish brown halo around the fungal colonies due to 
the radial diffusion of the fungal enzyme able to oxidize guaiacol.  
As reported in Table 3, among all the strains, L. edodes INRA 797, INRA 6608 and 
INRA 6646, P. sajor-caju INRA 31, INRA 3501 and INRA 3824 showed the highest 
level of Guaiacol oxidation and thus, they were further analysed for a quantitative 
estimation of laccase production in liquid culture. 
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Table 3. Detection of cellulolytic (A), xylanolytic (B) and ligninolytic (C) enzyme activities production on 
solid medium by 32 fungal strains belonging to the DEBB Collection 
Fungal strains 
 
A) EI for cellulase 
activity 
B) EI for xylanase 
activity 
C) Reaction level 
to Guaiacol * 
Lentinus edodes  INRA L 465 ▲** 1.58  1.1 ± 
Lentinus edodes  INRA L 609 1.3 1.3 - 
Lentinus edodes  INRA 797 ● 1.2 1.2 + 
Lentinus edodes  INRA 790 ▲ 1.4  ND ± 
Lentinus edodes  INRA 1022 2.2 1.2 - 
Lentinus edodes  INRA6602 ND ND - 
Lentinus edodes  INRA6608 ● 0.85 ND + 
Lentinus edodes  INRA6609 ND ND - 
Lentinus edodes  INRA6613 1.3 1.25 - 
Lentinus edodes  INRA6121 ND ND - 
Lentinus edodes  INRA6624 ND ND - 
Lentinus edodes  INRA 6635 ▲ ■ 1.5  1.5   ± 
Lentinus edodes  INRA6646 ● 1.18 ND + 
Lentinus edodes  INRA 6647 ▲ ■ 1.4  1.4   ± 
Lentinus edodes  INRA 6614 ▲ ■ 1.4  1.4   ± 
Pleurotus sajor-caju  INRA 31 ● ND ND + 
Pleurotus sajor-caju INRA 3501 ● 1.1 1.1 + 
 Pleurotus sajor-caju  INRA 3824 ● 1.2 1.25 + 
Aspergillus niger  NRRL  599 ▲ ■ 1.4  2.0 - 
Aspergillus niger  NRRL  2270 ▲ ■ 1,5  2.65   - 
Aspergillus niger  NRRL  334 ▲ ■ 1.4  1.4     - 
Aspergillus niger  NRRL  328 ND ND - 
Aspergillus niger  NRRL  3312 ▲ ■ 1.4  1.76   - 
Aspergillus niger  NRRL  3 1.0 ND - 
Aspergillus niger  NRRL  1278 ▲ ■ 1.4    2.0    - 
Aspergillus niger  NRRL  511 ▲ ■ 1.54 1.4    - 
Aspergillus niger NRRL 2003 1.0 1.0 - 
Aspergillus niger  NRRL  2001 1.0 1.3 - 
Aspergillus oryzae  NRRL  1808 ND ND - 
Aspergillus oryzae  NRRL  3485 1.16 1.1 - 
Aspergillus oryzae  NRRL  2220 1.1 1.0 - 
Aspergillus oryzae  NRRL 1989 ND 1.1 - 
*    +: strong positive reaction; -: negative reaction; ±: weak positive reaction.  
     ND: Not detected. 
**  Selected fungal strains for quantitative estimation of cellulolytic (▲),  xylanolytic (■) and ligninolytic    
    (●) enzyme activities in liquid culture 
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2.2.1.2 Evaluation of enzymes production in liquid medium 
The 12 fungal strains selected for cellulases production on solid medium, taking into 
account the enzymatic index value, were subjected to a quantitative evaluation of 
enzymes production in liquid culture containing microcrystalline cellulose as carbon 
source. Among the investigated strains, the screening led to the selection of the 
strain L. edodes INRA L 465, showing a maximum of cellulase activity production of 
0.23 U/mL after 12 days of fermentation (Fig. 6) and, the strains A. niger NRRL 3312 
and A. niger NRRL 511 showing 0.28 U/mL of cellulase activity after 14 days of 
fermentation (Fig. 7).  
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Figure 6: Kinetics of cellulase production in liquid culture by Lentinus edodes strains. Standard 
deviation is less than 5% 
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Figure 7: Kinetics of cellulase production in liquid culture by Aspergillus niger strains. Standard 
deviation is less than 5% 
As far as concern the 9 strains selected for their xylanases production on solid 
medium, the time course of enzymatic activity production in liquid culture containing 
microcrystalline cellulose as carbon source led to the selection of the strain 
Aspergillus niger NRRL 3312, showing a maximum xylanase activity  of 19.18 U/mL 
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after 16 days (Fig. 8). Further incubation did not show any increment in the level of 
enzyme production, probably due to depletion of nutrients in the media.  
The laccases activity production in liquid culture of Lentinus edodes INRA 797, INRA 
6608, INRA 6646 and Pleurotus sajur-caju INRA 31, INRA 3501, INRA 3824 grown 
at 30°C with copper sulfate as inducer, is shown in Fig. 9. Among them, the best 
producer of laccases was Pleurotus sajur-caju INRA 31 with a maximum value of 
12.07 U/mL after 12 days. 
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Figure 8: Kinetics of xylanases production in liquid culture by Aspergillus niger and Lentinus edodes 
strains. Standard deviation is less than 10% 
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Figure 9: Kinetics of laccases production in liquid culture by Pleurotus sajor-caju and Lentinus edodes 
strains. Standard deviation is less than 10% 
 
2.2.1.3 Evaluation of enzymes production  by solid state fermentation on BSG 
-  Cellulases and xylanases production by Aspergillus niger  NRRL 3312 
The strain Aspergillus niger NRRL 3312 demonstrated its ability to colonize the BSG 
quickly and extensively. The time course of cellulases activities production revealed a 
maximum value of 118.04 U g-1 of dry substrate (gds) after 10 days of fermentation 
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(Fig. 10 A), while concerning  the xylanases production, a maximum of 1315.15+ U 
gds-1 of dry substrate was reached after 4 days of fermentation (Fig. 10 B).  
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Figure 10: Time course of A) cellulase and B) xylanase activities produced by Aspergillus niger NRRL 
3312 in SSF on BSG 
 
The co-production at higher levels of cellulases and xylanases enzymes was an 
unusual behaviour for the Aspergillus spp, as proved by few works so far reported in 
literature [104,105,106,107]. When compared with the xylanases production by SSF 
reported for other Aspergillus spp., the maximum value achieved by A. niger NRRL 
3312 resulted mostly higher [108,109,110] and only in very few cases, lower  
[104,105] (Table 4). 
Regarding the cellulases production, the maximum value achieved by A. niger NRRL 
3312 was, in some cases, higher [111,112,113] and in some others lower [104, 105] 
than those reported for other Aspergillus strains  (Table 4). Since no optimization was 
performed in our study, this process presents good perspective for high cellulase and 
xylanase production. 
 
 
A) 
B) 
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In order to identify the putative proteins responsible for cellulase and xylanase 
activities of A. niger NRRL 3312, zymogram and proteomics analyses on the 
samples that showed the maximum activities production (4° and 10° days of SSF for 
xylanase and cellulase, respectively) were performed. One activity halos for cellulase 
and two activity halos for xylanase were visualized, and in correspondence to these 
halos, different bands were detected on the gel stained with Blue comassie (Figure 
12A-12B). Regarding the cellulases, three comassie stained bands, corresponding to 
the activity halo were analyzed (Table 5).  
 
 
           Table 4: Comparison of cellulases and xylanases production by Aspergillus spp 
 
 
 
Microorganism 
 
Substrate 
 
Maximum 
xylanase activity 
 
Maximum cellulase 
activity 
 
References 
A. niger 
KK2 Rice straw 5070 U gds
-1 
19.5  U gds-1FPase  
 129  U gds-1CMCase,  
100  U gds-1 β-
glucosidase 
[104] 
A. niger 
USM AI 1 
Sugarcane 
bagasse and 
palm kernel 
cake  
- 3.4 U/ gds FPU [111] 
 A. niger 
from  
Dharmapuri Dist, 
Tamil Nadu, India 
Coir waste - 
8.89   U gds-1 CMCase, 
3.56  U gds-1 FPase 
activities  
[112] 
A. niger 
JL-15 Orange peel  917.7  U gds
-1 - [108] 
A. niger 
NS-2 Wheat bran  - 
 
17  U gds-1 CMCase,  
310  U gds-1 FPase   
33  U gds-1 β-glucosidase  
[113] 
A. niger 
 FGSCA733 
Jatropha 
curcas seed 
cake 
6087  U gds-1 3974  U gds-1   [105] 
A. niger 
NRRL 328 
Soybean 
Husks 
 
950  U gds-1 - [109] 
A. fumigatus SK1 Untreated oil palm trunk 418.7  U gds
-1 
54.27  U gds-1 of 
CMCase, 
 3.36  U gds-1 of FPase 
and 4.54  U gds-1 of 
β-glucosidase 
[106] 
A. fumigatus 
P40M2 and  
A. niger 
P47C3 
wheat bran 
1055.6  U gds-1 
 
1258.0  U gds-1 
105.8  U gds-1 of β-
glucosidase 
 
96.0  U gds-1 of β -
glucosidase 
[107] 
A. niger 
F-3 Citrus peels 250  U gds
-1 - [110] 
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Proteomic analysis confidently assessed the presence, in the first band, of  8 
peptides matching to peptides present in the sequence of a 1,4-β-D-glucan 
cellobiohydrolase B (gi: 4698498), 5 peptides matching to peptides present in the 
sequence of a 1,4-β-D-glucan cellobiohydrolase C [Aspergillus niger CBS 513.88] (gi: 
145246118), 4 peptides matching to peptides present in the sequence of a endo-β-
1,4-glucanase B [Aspergillus niger CBS 513.88] (gi: 145238644), and 4 peptides 
matching to peptides present in the sequence of a endoglucanase A [Aspergillus 
niger] (gi: 3757552); in the second band were found 10 peptides matching to 
peptides present in the sequence of a 1,4-β-D-glucan cellobiohydrolase A (gi: 
74698499) and 5 peptides matching to peptides present in the sequence of a 1,4-β-
D-glucan cellobiohydrolase C [Aspergillus niger CBS 513.88] (gi: 145246118); in the 
third band were found 13 peptides matching to peptides present in the sequence of a 
endo-β-1,4-glucanase B [Aspergillus niger CB] (gi: 145238644) and 6 peptides 
matching to peptides present in the sequence of a endo-β-1,4-glucanase A 
[Aspergillus niger CBS 513.88] (gi: 145230537).  
Concerning the xylanases, proteomic analysis confidently assessed the presence of 
3 peptides matching to peptides present in the sequence of a endo-1,4-β-xylanase A 
OS=Aspergillus kawachii (gi: 380865430) in the first band, the presence of 5 peptides 
matching to peptides present in the sequence of a exo-1,4-β-xylosidase xlnD 
OS=Aspergillus awamori (gi: 121809149) in the second band and the presence of 2 
peptides matching to peptides present in the sequence of a endo-1,4-β-xylanase B 
OS=Aspergillus kawachii (gi: 380865431); unlike, for the third band, no peptides 
matching with protein responsible for xylanase activity were found (Table 6). 
 
 
Table 5:  LC/MS-MS analysis results of the 3 selected bands corresponding to the cellulase halo 
activity from Aspergillus niger NRRL 3312 
 
Band NCBInr ID Protein Score N° of peptides 
Sequence 
coverage 
B1 
4698498 1,4-β-D-glucan cellobiohydrolase B 409 8 25 % 
145246118 
1,4-β-D-glucan 
cellobiohydrolase C [Aspergillus 
niger CBS 513.88] 
222 5 35 % 
 145238644 endo-β-1,4-glucanase B [Aspergillus niger CBS 513.88] 297 4 14 % 
 3757552 endoglucanase A [Aspergillus niger] 194 4 20 % 
B2 74698499 1,4-β-D-glucan cellobiohydrolase A 673 10 38 % 
 145246118 
1,4-β-D-glucan 
cellobiohydrolase C [Aspergillus 
niger CBS 513.88] 
219 5 27 % 
B3 145238644 Endo-β-1,4-glucanase B [Aspergillus niger CB] 828 13 47 % 
 145230537 Endo-β-1,4-glucanase A [Aspergillus niger CBS 513.88] 470 6 14 % 
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Table 6: LC/MS-MS analysis results of the 4 selected bands corresponding to the xylanase halos 
activity from Aspergillus niger NRRL 3312  
 
Band NCBInr ID Protein Score N° of peptides 
Sequence 
coverage 
B1 XYNA_ASPKW Endo-1,4-β-xylanase A OS=Aspergillus kawachii 129 3 13 % 
B2 XYND_ASPAW Exo-1,4-β-xylosidase xlnD OS=Aspergillus awamori 141 5 7 % 
B3 - - - - - 
B4 XYNB_ASPKW Endo-1,4-β-xylanase B OS=Aspergillus kawachii 105 2 14 % 
 
 
- Cellulases production by Lentinus edodes INRA L 465 
The experiments of SSF with L. edodes INRA L 465 revealed the incapacity of the 
fungus to colonize the waste quickly and extensively. Indeed, more than one month 
was necessary to allow the initial fungal colonization, causing  the deterioration of the 
substrate. Therefore, no further experiments were carried out.  
- Laccases production by Pleurotus sajor-caju INRA 3501  
Pleurotus sajor-caju INRA 3501 was able to colonize the BSG extensively. 
Concerning the laccases production, the strain showed a maximum value of 157.36 
U gds-1 after four days of fermentation (Fig. 11). In comparison with other SSF 
processes previously reported by using P. sajor-caju [114,115] and other Pleurotus 
spp. [116,117] (Table 7), the strain P. sajor-caju INRA 3501 allowed to achieve 
higher values of laccases activity, Even without performing culture conditions 
optimization. 
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Figure 11: Time course of laccases activity produced by Pleurotus sajor-caju INRA 3501  in SSF on 
BSG 
In order to identify proteins putatively responsible for laccase activity of P. sajor-caju 
INRA 3501, zymogram and proteomics analyses on the sample that showed the 
maximum activity production (4° days of SSF) were performed. Three activity halos 
for laccase were visualized, and in correspondence to these three halos, different 
bands were detected on the gel stained by Blu commassie (Figure 12C). Proteomic 
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analysis confidently assessed the presence, in the first band, of the 5 peptides 
matching to peptides present in the sequence of a laccase I from Trametes versicolor 
FP-101664 SS1(gi: 392570979) and 4 peptides matching to peptides present in the 
sequence of a laccase 3 precursor from Trametes villosa (gi: 7432992). Unlike, for 
the remaining four bands, no peptides matching with protein responsible for laccase 
activity were found (Table 8). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12: Analyses of supernatant of Aspergillus niger NRRL 3312 strain. A1) Zymogram analysis 
for cellulase detection on agar plate with 1 % CMC stained with Congo Red; B1) Zymogram 
analysis for xylanase detection on agar plate with 1 % xylan stained with Congo Red.  Analyses of 
supernatant of Pleurotus sajor-caju INRA 3501. C1) Zymogram analysis for laccase detection by 
submerging the gel with ABTS 20 mM in sodium citrate buffer (0.1 M, pH 3.0) after electrophoresis; 
A-B-C2-3) SDS-PAGE (12.5 %) without denaturating and reducing treatments stained with Blue 
Commassie. lane 2: protein molecular weight marker; lane 3: 80µg of total protein 
 
 
Table 7: Comparison of laccase activity values reported for Pleurotus spp 
  
 
           
 
 
 
Microorganism 
 
Substrate 
 
Maximum laccase activity 
 
References 
P. sajor-caju Sago hampas 17.7  U gds-1 [115] 
P. ostreatus and P. 
sajor-caju Different agro-wastes 
5.48 U/mg of protein  on 
(2:1) wheat 
straw:bran  
3.85 U/mg of protein on 
(2:1) sesame 
straw:bran  
[114] 
P. florida NCIM 1243 
Banana peel : mandarin 
peel : cantaloupe peel in a 
ratio of 5:2:3 
5.4 U/gds [116] 
P. ostreatus Wheat bran 32.45 U/gds [117] 
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Table 8: Data by analysis LC/MS-MS analysis results of the 5 selected bands corresponding to the 
laccase halos activity from Pleurotus sajor-caju INRA 3501 
  
Band NCBInr ID Protein Score N° of peptides 
Sequence 
coverage 
B1 
392570979 
Laccase I [Trametes versicolor 
FP-101664 SS1] 145 5 13 % 
7432992 
Laccase (EC 1.10.3.2) 3 
precursor - white-rot fungus 
[Trametes villosa] 127 4 12 % 
B2 - - - - - 
B3 - - - - - 
B4 - - - - - 
B5 - - - - - 
 
 
2.2.1.4 Materials and Methods 
- Screening for cellulases, xylanases and laccases production on agar medium. 
All the fungal strains (Pleurotus spp, Lentinus spp and Aspergillus spp) listed in Table 
3 were grown on potato dextrose yeast agar (PDY) plate [composition (g/L): potato 
dextrose (24.0), yeast nitrogen base (5.0), agar powder (15.0)] for 5 days at 30°C. In 
order to evaluate  their cellulases and xylanases production, agar cores (1,3 mm in 
diameter) from 6-days old agar cultures were transferred on PDY agar plates 
containing 1 % carboxylmethylcellulose (CMC) and 1 % xylan, respectively. After a 6 
days incubation , the strains were assayed for their ability to degrade CMC/Xylan by 
incubation with 0.1 % Congo Red solution for 30 min, followed by washing step with 
5 M NaCl solution as reported in Amore et al. [118]. The selection of strains that can 
efficiently degrade polysaccharides was carried out according to Florencio et al. 
[102]. 
To detect ligninolitic activity, a PDY medium containing the oxidation indicator 
Guaiacol at a concentration of 0.01 % (w/v) was used. The strains that showed the 
highest levels of Guaiacol oxidation were considered to be potential producers of 
laccases and were selected for further analysis. 
- Screening for cellulases, xylanases and laccases production in liquid culture 
In order to perform a quantitative estimation of enzymatic activities production, two 
different media were chosen: medium A [composition (g/L): yeast extract (0.5); 
MgSO4∙7H2O (0.3); FeSO4∙7H2O (0.005); MnSO4∙H2O (0.00156); ZnSO4∙7H2O 
(0.0014);  CaCl2 (0.3); CoCl2 (0.002) and KH2PO4 (1.5) at pH 5.5, supplemented with 
microcrystalline cellulose (10.0)] for cellulases and xylanases production analysis, 
and medium B [composition (g/L): glucose (10.0); yeast extract (0.5); MgSO4∙7H2O 
(0.3); FeSO4∙7H2O (0.005); MnSO4∙H2O (0.00156); ZnSO4∙7H2O (0.0014); CaCl2 
(0.3); CoCl2 (0.002) and KH2PO4 (1.5) at pH 5.5, supplemented with 150 µM copper 
sulfate at the time of inoculation] for laccases production analysis. 
As far as concern Lentinus spp and Pleurotus spp, 3 agar cores (1,3 mm in diameter) 
from 6-days old agar cultures were pre-inoculated into 50 mL of PDY medium and, 
after 6 days, the inoculum at 10 % in medium A or B were carried out.  
Regarding Aspergillus spp, spore suspension obtained by mixing pre-cultured 
fungus, were inoculated in medium A or B at a final concentration of 107 spores g-1 of 
carbon source.  
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All the flasks were incubated at 30°C, 120 rpm and sampling for enzymatic 
quantification were performed every day for 25 days. 
- Solid state fermentation on Brewer's spent grain 
Pre-inoculum of Aspergillus spp and spore suspension were performed as reported 
in Montibeller et al. [109]. Approximately 107 spores g-1 were inoculated on 25 g of 
dry Brewer's spent grain, in 250-mL Erlenmeyer' s flasks, in duplicate. The initial 
moisture were adjusted at 70 % (w/v) by adding enough volume of distilled water and 
a mineral salt solution containing (g/L): KH2PO4 (1.5); CuSO4 (0.4) and CoSO4 
(0.0012). 
Concernig Lentinus spp and Pleurotus spp, pre-inoculum and inoculum was carried 
out as described in Iandolo et al. [119] 
The flasks were incubated statically at 30 °C for 16 days. Enzymes extraction was 
performed according to Montibeller et al. [109].  
- Enzyme assays 
CMCase and xylanase activity assays were carried out according to Ghose [120] and 
Bailey et al. [121], respectively. Released reducing sugars were determined by 
dinitrosalicylic acid reagent (DNS) method [122].  
Laccase activity was assayed at 25 °C, using 2,2′-azino-bis(3-ethylbenz-thiazoline-6-
sulfonic acid) (ABTS) as substrate as previously described [123]. 
- Zymogram analyses and protein identification by mass spectrometry 
Semi-denaturing gel electrophoresis (SDS-PAGE) was performed by loading non-
denatured and not-reduced samples on a SDS polyacrylamide gel, as described by 
Laemmli [124]. Proteins showing cellulolytic and xylanolytic activities were visualized 
according to Amore et al. [125,126], respectively, while proteins showing ligninolytic 
activity were visualized as described by Karp et al. [127].  
Slices showing the activities of interest were cut from the SDS-PAGE and analysed 
by mass spectrometry as reported in Amore et al. [125].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Chapter II 
 
41 
 
Section 2-II 
2.3 "Optimization of Arundo donax saccharification by (hemi)cellulolytic 
enzymes from Pleurotus ostreatus" (Paper I) 
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Lignocellulosic waste conversion 
for lactic acid production 
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3.1 Introduction 
Lactic acid is an organic acid recognized as a GRAS (Generally Recognized As 
Safe) compound by the US FDA (Food and Drug Administration) and it is widely 
applied in food, cosmetic, pharmaceutical and chemical industries [18]. The large 
amount of lactic acid produced, up to 70 %, is used in the food industry for cheese 
and yogurt production [19]. In the cosmetic industry, lactic acid is used as a 
component of hygiene and esthetic products, due to its verified antimicrobial and 
rejuvenating effects on the skin [20]. Moreover, in the pharmaceutical and chemical 
industries, lactic acid is used as a precursor of large and small polymers, like 
polylactic acid and acrylic polymers, which are biocompatible and biodegradable and 
thus, utilized for the packaging,  prosthetic devices, sutures and internal drug dosing 
[21]. The worldwide demand of lactic acid in 2007 was calculated to be 130,000-
150,000 metric tons per year, with commercial prices ranging between 1.38 US$ kg-1 
and 1.54 US$ kg-1, depending on the purity grade [22]. It was estimated that the lactic 
acid request should increase significantly over the coming years; thus, many efforts 
are focusing on the development of efficient and cost-effective processes to increase 
the lactic acid recovery yield. Particularly, low-cost lignocellulosic wastes are 
exploited as substrate for a competitive production of lactic acid through microbial 
fermentations  [23,24,25].  
Among the lignocellulosic wastes, Brewers’ Spent Grain (BSG) is one of the most 
valuable low-cost feedstock for lactic acid production. BSG represents the major by-
product of the brewing industry. It accounts for about 85 % of the total residues 
generated after the mashing and lautering processes [128] and it is available in large 
quantities throughout the year. The chemical composition of BSG varies according to 
several factors such as the barley variety, the harvest time, and the malting and 
mashing conditions. 
This chapter deals with the description of studies concerning the conversion of BSG 
into lactic acid through microbial fermentation. These activities were carried out in the 
laboratory of Dr. Carlos Ricardo Soccol at the Department of “Engenharia de 
Bioprocessos e Biotecnologia” (DEBB) (Universidade Federal do Paraná, Brazil), in 
the frame of the project BIOASSORT. 
Particularly, the paper II “Selection of the strain Lactobacillus acidophilus ATCC 
43121 and its application to Brewers’ Spent Grain conversion into lactic acid” 
describes the ability of the strain Lactobacillus acidophilus ATCC 43121, selected 
among six lactobacilli belonging to the DEBB collection, to produce lactic acid from 
BSG hydrolysates derived from two different geographical areas. In detail, the 
hydrolysates obtained by enzymatic hydrolysis of BSGs after two types of 
pretreatments, aqueous ammonia soaking and acid-alkaline pretreatment, were 
evaluated as substrate for the growth of the Lactobacillus acidophilus ATCC 43121 
strain and the lactic acid production. 
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3.2 Results 
3.2.2 Selection of the strain Lactobacillus acidophilus ATCC 43121 and its 
application to Brewers’ Spent Grain conversion into lactic acid (Paper II) 
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Chapter IV 
Lignocellulosic waste conversion 
for ethanol production
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4.1 Introduction 
Bioethanol has been recognized as a good alternative to petroleum-derived 
transportation fuels, with several known advantages, such as high octane number, 
low cetane number and high heat of vaporization [13]. The use of bioethanol for fuel 
was widespread in Brazil, United States and Europe until the early 1900s; however, 
since its production became more expensive than that of petroleum based fuel, the 
bioethanol’s potential was ignored until the 1970s, when the oil crisis moved the 
world's interest towards the use of new renewable resources [14]. In the last decade, 
bioethanol production has increased rapidly because many countries have issued 
several “Fuel Ethanol Programs”, aimed at mandating the use of ethanol blends 
through tax incentives or exemption [15]; this leads toward reducing oil imports, 
increasing rural economies along with improving the quality of air. In 2014, global 
bioethanol production churned out a record of 14.3 billion gallons, eclipsing the 
previous record of 13.9 billion gallons set in 2011. The United States is the leading 
producer, accounting for nearly 60 % of the global output. Brazil, which produced 
roughly 6.2 billion gallons, was responsible for about 25 % of world production, while 
the European Union followed with 6 % [16].  
Generally, bioethanol can be mainly classified into "first-generation" and "second 
generation", where the main difference is the characteristic of the feedstock used. 
First generation bioethanol is made from edible sugars, grains or seeds, through a 
simple processing consisting of sugar extraction (e.g. through crushing), followed by 
fermentation and distillation. Brazil utilizes sugarcane for bioethanol production while 
the United States and Europe mainly use starch from corn, and from wheat and 
barley, respectively. However, many concerns are still associated to first generation 
bioethanol such as feedstock insufficiency related to the increased demand; food 
versus fuel conflict, due to the use of edible material for fermentable sugars recovery 
[17]. To overcome this bottleneck, growing attention has been focused on the 
production of second generation bioethanol, that is produced from non edible, 
renewable and worldwide available lignocellulosic resources. They include 
agricultural residues, food farming wastes, green-grocer's wastes, tree pruning 
residues and organic and paper fraction of urban solid wastes. Besides its numerous 
advantages, bioethanol production process from lignocellulosic crops is more difficult 
compared to sugar crops because expensive additional steps, consisting of 
pretreatment and hydrolysis, are required due to the complex structure of the 
feedstock. A pretreatment step allow to remove the barrier of lignin and expose the 
polysaccharides, that can be subsequently enzymatically hydrolyzed into fermentable 
monosaccharides [129]. Thus, many efforts are still needed to make the second 
generation ethanol production more eco-friendly and cost-effective.    
 
This chapter describes the studies concerning the conversion of Brewers’ Spent 
Grain (BSG) into ethanol through yeast strains fermentation. These activities were 
carried out in the laboratory of Dr. Carlos Ricardo Soccol at the Department of 
“Engenharia de Bioprocessos e Biotecnologia” (Universidade Federal do Paraná, 
Brazil) in the frame of the project BIOASSORT. 
In the paper III “Second generation ethanol production from Brewers’ Spent 
Grain” the alkaline-acid pretreated Brewers’ Spent Grain (BSG), after enzymatic 
hydrolysis with commercial enzymes, was evaluated as fermentation medium for 
ethanol production by the strain Saccharomyces cerevisiae NRRL YB 2293 selected 
as the best producer among five ethanologenic microorganims belonging to the strain 
collection of DEBB University, where these activities were performed during my stage 
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in the frame of the BIOASSORT Project. In particular, a comparison between the 
yields of lactic acid produced by the ethanologenic strain from  BSG with or without 
any supplementation of  yeast extract was carried out.    
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4.2 Results 
4.2.1 Second generation ethanol production from Brewers’ Spent Grain (Paper 
III) 
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This PhD project was aimed at the development of biosystems and biocatalysts, 
(microbes and/or enzymes), involved in lignocellulosic biomass conversion into 
valuable bio-products, such as sugars, ethanol and lactic acid.  
As a source of new biosystems (lignocellulolytic microorganisms) and biocatalysts 
(ligninolytic, cellulolytic and xylanolytic enzymes), 32 fungal strains of the “Strain 
Collection of the Bioprocess and Biotechnology Division” from the Department of 
“Engenharia de Bioprocessos e Biotecnologia”, University Federal do Paraná (DEBB) 
(Curitiba-PR, Brasil) were analyzed for their ability to produce the enzymes of interest 
by screening them on solid and liquid media. This led to the selection of the 
ligninolytic strain Pleurotus sajor-caju INRA 3501 and the (hemi)cellulolytic strain 
Aspergillus niger NRRL 3312. The low-cost production of ligninolytic, cellulolytic and 
xylanolytic enzymes has been optimized by setting up solid state fermentation on 
lignocellulosic waste Brewers' spent grain (BSG), reaching a maximum value of 
cellulase, xylanase and laccase activity of 118.04 U g-1 of dry substrate (gds), 
1315.15 U gds-1 and 157.36 U gds-1, respectively. By proteomic analyses peptides 
belonging to the enzymes responsible for the cellulase and xylanase activities from 
A. niger NRRL 3312 and for laccase activity from P. sajor-caju INRA 3501 were 
identify. The results supported the use of lignocellulosic waste as a low-cost source 
for industrial enzymes production; moreover, the new enzymes will be explored for 
their potential role in lignocellulosic biomass delignification and saccharification, thus 
evaluating their potential contribution to improve cost efficiency of high added value 
bioproducts production. 
The inductive effect of microcrystalline cellulose on (hemi)cellulolytic enzymes 
production by Pleurotus ostreatus was proved, reaching a maximum values of 3.19 
U/mL and 51.32 U/mL for cellulases and xylanases, respectively, after 9 days of 
fermentation. Thus, the enzymatic mixture from P. ostreatus was partially 
characterized and applied to the hydrolysis of the lignocellulosic biomass Arundo 
donax. The enzymes showed stability in a wide range of pH, with an optimum values 
of 4.0 and 5.3 for cellulase and xylanase activity, respectively; both enzymes have an 
optimum of temperature at 50 °C, value generally used during the saccharification of 
lignocellulose. Regarding the pH stability, the cellulase from P. ostreatus showed a 
half-life of 7 hours at both 30 °C and 40 °C, while the xylanase showed a half-life of 2 
days at 30 °C and 7 hours at 40 °C. Then, the enzymatic cocktail from P. ostreatus 
was tested in the statistical analysis of Arundo donax saccharification, with the aim of 
optimizing the process through the identification of the most significant parameters 
influencing the sugars release. By the Plackett-Burman screening design, the 
parameters temperature, pH and time were identified as the most significant 
variables for the process and thus, their combined effect were investigated by a 33 
factorial experimental design. The maximum value of 480.10 mg of sugars gds-1 was 
obtained at 45 °C, pH 3.5, and 96 hours of incubation; moreover, a relevant positive 
impact on the bioconversion process was exercised by the synergic effect of 
temperature and time. Based on the results, the (hemi)cellulolytic cocktail produced 
by P. ostreatus represent a good candidate as biocatalyst for the bioconversion of 
lignocellulose in substituition to the commercial ones.  
Saccharomyces cerevisiae NRRL YB 2293, belonging to the DEBB collection was 
selected for its higher ability to produce ethanol in a synthetic medium and was 
further  applied for the conversion of BSG hydrolysate into ethanol. It has been 
shown that the strain was able to grow and produce ethanol on the BSG hydrolysate 
with and without added yeast extract. The ethanol yield per substrate consumed 
(YP/S) was almost the same in both media: 0.26 g/g (51 % efficiency) with the BSG 
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hydrolysate and 0.28 g/g (55 % efficiency) with the yeast extract supplemented  BSG 
hydrolysate. Yeast extract supplementation promoted cell growth, glucose uptake 
and ethanol fermentation at a higher rate. When the BSG was supplemented with 
yeast extract, the cells produced 12.79 g/L ethanol, completed the glucose uptake 
and reached the highest cell dry biomass (7.01 g/L) within 24 h, while in the BSG 
hydrolysate without any nutrient supplementation, all the glucose was consumed by 
the cells, achieving almost the same ethanol concentration of 12.0 g/L and reaching 
the highest cell dry biomass (4.25 g/L), within 48 h. The volumetric productivity in the 
unsupplemented BSG was 0.25 g/L h, two-fold lower than the value reached in the 
yeast extract supplemented BSG (0.53 g/L h). The results demonstrate the feasibility 
of ethanol production from the BSG hydrolysate by the application of the strain S. 
cerevisiae NRRL YB 2293. Indeed a higher or equal ethanol yield compared to the 
few other works so far reported was obtained. 
The strain Lactobacillus acidophilus ATCC 43121, selected for its higher lactic acid 
production in a synthetic medium, was analyzed for its ability to produce lactic acid 
from BSG hydrolysate. The results indicated that the produced hydrolysates from 
ammonia soaking treated BSG2 (AAS BSG2), provided by the microbrewery Maneba 
(Striano, Naples, Italy), and from the acid-alkaline treated BSG1 (AAT BSG1), 
provided by the brewery Bier Hoff Curitiba-PR (Brazil), are suitable substrates for the 
growth of the strain L. acidophilus ATCC 43121 and the production of lactic acid. 
Moreover, it was demonstrated that the bioconversion of glucose into lactic acid was 
positively affected by the presence of yeast extract. The maximum value of lactic acid 
production (22.16 g/L) was obtained from the AAS BSG2 hydrolysate in the presence 
of yeast extract. The produced levels of lactic acid were comparable or higher in 
comparison with those obtained from hydrolysates of other agricultural residues.  
The efforts of this PhD project support the actualization of a circular economy 
through the employment of lignocellulosic biomass as renewable resources, that can 
be used again and again to generate valuable and marketable products, replacing 
the exhaustible fossil-based resources, within the biorefinery concept.  
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Abstract 
The actualization of a circular economy through the use of lignocellulosic wastes as 
renewable resources can lead to reduce the dependence from fossil-based 
resources and contribute to a sustainable waste management. The integrated 
biorefineries, exploiting the overall lignocellulosic waste components to generate 
fuels, chemicals and energy, are the pillar of the circular economy. The biological 
treatment is receiving great attention for the biorefinery development since it is 
considered an eco-friendly alternative to the physico-chemical strategies to increase 
the biobased products recovery from wastes and improve saccarification and 
fermentation yields. This paper reviews the last advances in the biological treatments 
aimed at upgrading lignocellulosic wastes, implementing the biorefinery concept and 
advocating circular economy. 
 
Keywords: 
Microbial delignification; Fungal detoxification; Lignocellulolytic enzymes; Estherases; 
Hydrolases.   
 
 
Highlights 
• Circular economy is based on renewable resources and sustainable waste 
management. 
• Biological delignification by microbial and enzymatic treatment are described. 
• Enzymatic treatment of food, paper, cotton and oil wastes upgrading are reported.   
• Further application of fungi in detoxification and enzymes production are 
reviewed. 
 
1. Introduction 
Minimizing the dependence on fossil-based resources and reducing the generation of 
solid and liquid wastes represent the main challenges for the modern society. The 
worldwide wastes production was estimated, in the 2010, to be between 7 and 10 
billion tonnes, half of which are produced by the most industrialized and developed 
countries (UNEP, 2015). In spite of this, the globalisation is causing an increment of 
waste per capita also in non developed countries, moving people from rural to urban 
areas and increasing the rate of hazardous and industrial wastes (UNEP, 2015).  
Most of the worldwide wastes are intended for landfill, or, in the worst cases, for 
uncontrolled disposal, causing environmental damages and financial loss. It was, 
indeed, calculated that the costs for the inaction in waste management are 5-10 
times more than the actualization of a proper management, due to side effects like 
tourism crisis and high cost for clean-up the environments (Wilson and Velis, 2015). 
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Therefore, there is an urgent need for the development of a sustainable waste 
management aimed at reducing wastes and improving the human and environment 
health. A beneficial waste management is founded on the realization of a circular 
economy, in which an integration between the use of renewable resources and the 
wastes prevention is viable (Allesch and Brunner, 2014).  
After the first oil crisis, the first (or rural) and the second (or urban) generation 
biorefineries have undergone a considerable development, contributing to the 
increase of the renewable resources usage (Jacquet et al. 2015). In 2013, the 
renewable energy/resource supplied a 19.1 % of the global energy request, and 
furthermore, this contribution is continued to expand in 2014 (REN21, 2015).  
Lignocellulosic biomasses - including pulp and paper, agriculture, food, forestry and 
municipal solid wastes - are considered as the major promising renewable resources, 
since they are largely available around the world and allow to avoid the conflict food 
versus fuel related to the use of edible crops (Gavrilescu, 2014).  
A full recycling and re-use of agro-industrial lignocellulosic wastes take place in the 
second generation biorefinery platform, where bio-based products (food, feed, 
chemicals) and bioenergy (biofuels, power and heat) are generated through 
integrated and sustainable processes (Liguori et al. 2013; FitzPatrick et al. 2010; 
Amore et al. 2014). Circular economy, based on the biorefinery platform and the 
approach 3Rs - reduce, reuse, recycling of waste, aims at accomplishing a closed-
loop system to maximize the recovery of raw materials derived from the waste at 
end-of-life. The wastes should be considered "renewable resources" that can be 
used again and again to generate valuable and marketable products, replacing the 
exhaustible fossil-based resources (Velis, 2015).  
This review summarizes the last advances in the biological processes for 
lignocellulosic wastes upgrading, focusing the attention on the closed loop approach 
promoted by the circular economy and realized through the biorefinery platform. A 
schematic overview of the biological treatments and the corresponding upgraded 
products described in this review is shown in Figure 1. In detail, an overview of 
delignification and valorization of different lignocellulosic wastes through fungal, 
bacterial and enzymatic treatments is given, with focus on the advantages and 
disadvantages related to each method, as listed in Table 1, and on the large 
spectrum of upgraded products generated by the processes, as reported in Table 2.   
2. Advanced biological treatment of lignocellulosic wastes 
2.1 Fungal treatment 
The last advances in the treatment of agro-industrial wastes through fungal solid 
state fermentation (SSF) are hereby reported, with focus on the sustainability of the 
process and the achievable added-value bioproducts. The SSF represents an 
environmentally and economically friendly alternative to the fisico-chemical ones, 
since it does not require chemical agents and involves low temperatures and 
pressures (Chandel et al. 2015; Moreno e al. 2015) (Table 1).  
Several studies have been focused on the SSF as a pretreatment step in the 
biorefinery platform, for delignifying and/or upgrading lignocellulosic biomasses 
(Khuong et al 2014; Zhao J. et al. 2014; Zhao et al. 2012; Zhao et al. 2013) as well 
as for detoxifying the lignocellulosic hydrolysates from the products, generated by the 
hemicellulose and lignin degradation, that reduce the fermentation efficiency (Pereira 
et al. 2012). Moreover, the fungal SSF has been also largely exploited to produce 
(hemi)cellulolytic and lignin-degrading enzymes using cheap raw materials as 
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substrates in order to reduce enzyme production costs (Mutschlechner et al. 2015; 
Mahajen et al. 2014; Chatzifragkou et al. 2014). 
Regarding the exploitation of the SSF for the removal of toxic compounds with the 
aim to improve the fermentation efficiency, Pereira et al. (2012) demonstrated the 
potential of the fungus Paecilomyces variotii for the detoxification of the hardwood 
spent sulphite liquor (HSSL) from different microbial inhibitors like acetic acid, furfural 
and polyphenols. The biological treatment, followed by the Pichia stipitis fermentation 
allowed to reach an ethanol concentration of 2.4 g L-1 with a yield of 0.24 g ethanol g-
1 sugars.  
 
Table 1. Advantages and disadvantages of different biological waste treatment. 
Biological waste 
treatment 
Advantages Disadvantages 
Fungal treatment 
Bacterial treatment 
• Low cost 
• Eco-friendly 
• Low temperature and 
pressure 
• No water and chemical 
agents requirement 
• No growth inhibitor formation 
• Low waste generation 
• Low energy demand 
• Long time (about 3–5 
months) 
• Feedstock loss 
• Low conversion efficiency 
• No-byproducts tolerant 
strains 
Enzymatic treatment 
• Eco-friendly 
• Low temperature and 
pressure 
• Wide temperature and pH 
ranges 
• No nutrient supplementation 
• No sugars consumption 
• Short time (hours) 
• High conversion efficiency 
• Low waste generation 
• Low energy demand 
• High enzyme costs  
• Moderate enzymatic 
performances 
• Enzymes recycling 
• Enzymes immobilization 
• Enzymes activity 
improvement.  
 
In the last decade, many efforts have being focused on the SSF operative 
parameters optimization in order to maximize the delignification rate and the yield of 
different added-value bioproducts (Melikoglua et al. 2013; Gujarathia et al. 2015). 
Concerning the application of SSF as biological delignification process, Khuong et al. 
(2014) demonstrated that the initial moisture content and the addition of inorganic 
chemical factors affected delignification rate of the sugarcane bagasse and the 
following ethanol production carried out by the fungal strain Phlebia sp. MG-60. In 
detail, they showed as the addition of Fe2+, Mn2+ and Cu2+ at the beginning of the 
integrated fermentation process and an initial moisture content of 75 % promoted a 
selective lignin degradation, allowing to reach the 44 % of the effective ethanol yield.  
Moreover, fungal treatment was also investigated as pretreatment for the production 
of biogas – such as methane and hydrogen – as reported in Table 2 (Zhao J. et al. 
2014; Zhao et al. 2012; Zhao et al. 2013). Zhao J. et al. (2014) verified the feasibility 
of methane production through the fungal pretreatment of unsterilized yard 
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trimmings, thus also avoiding the sterilization that is not economically sustainable in 
the frame of the biorefinery industries (Salvachúa et al. 2011). In detail, they 
performed a pretreatment by using Ceriporiopsis subvermispora pre-colonized yard 
trimmings, followed by solid state anaerobic digestion with an effluent collected from 
a mesophilic liquid anaerobic digester. After 30 days of fungal treatment, 14.8-20.2 % 
of lignin degradation was reached, and a methane yield of 34.9-44.6 L kg-1 volatile 
solids was obtained in the subsequent anaerobic digestion, leading to save 501-789 
kJkg-1 of dry substrate. The feasibility of fungal treatment was also tested for 
cornstalk delignification in combination with the hydrolysis, through Trichoderma 
viride enzymes and the anaerobic fermentation by Thermoanaerobacterium 
thermosaccharolyticum W16 in order to produce hydrogen via separate 
saccharification and fermentation (SHF) (Zhao et al. 2012)  and simultaneous 
saccharification and fermentation (SSF) (Zhao et al. 2013). The results revealed the 
feasibility of the biological delignification showing the highest production of 89.3 mL 
of hydrogen g-1cornstalk for the SSF in comparison to the 80.3 mL of hydrogen g-1 
cornstalk obtained through the SHF.  
As mentioned above, the solid state fermentation has been also exploited as a 
process for the production of (hemi)cellulolytic enzymes in combination with following 
fermentation processes for the production of other upgraded products, such as 
methane, ethanol and chemicals. Mutschlechner et al. (2015) demonstrated as the 
optimal combination of inoculation density (2 x 108 spores 25 g-1 substrate), initial 
moisture content (70 %) and incubation time (10 days) during the delignification of 
municipal solid waste promoted a high cellulase activity production by Trichoderma 
viride. This led to an increase of the polysaccharides hydrolysis and nutrients 
availability, together with a positive effect on the subsequent anaerobic digestion and 
methane production performed by diluted fermenter sludges. Kiran et al. (2015) 
exploited the solid state fermentation on waste cake to produce a fungal mash, rich in 
hydrolytic enzymes, which was used to pretreat food wastes (Table 2). After 24 hours 
of hydrolysis, the anaerobic digestion of enzymatically pretreated food wastes was 
carried out, giving a biomethane yield and production rate of ~ 2.3 and 3.5 times 
higher than that without biological treatment, respectively. They demonstrated as the 
use of fungal mash in the pretreatment step, directly from solid state fermentation 
and without any purification, could make more economically competitive the 
production of biomethane from food waste. Chatzifragkou et al. (2014) tried to 
develop the biorefinery platform utilizing the by-products from the biodiesel industry, 
named rapeseed meal (RSM), to produce the 1,3-propanediol (PDO). The fungal 
strain Aspergillus oryzae was inoculated on the RSM at 30 °C in order to promote the 
(hemi)cellulolityc enzymes production; after 48 hours of fermentation, distilled water 
was directly added to the solid residues to perform the saccharification and obtain the 
RSM hydrolysate. The batch cultivation of Clostridium butyricum VPI 1718 by using 
the RSM hydrolysates as fermentation broth gave a 65.5 g L-1of PDO with a 
productivity of 1.15 g L-1h-1.  
The lignocellulosic wastes treatment through fungal strains for the production of 
ethanol has been largely exploited (Bhargav et al. 2008; Singhania et al. 2009). In 
the last decade, bioethanol production has increased rapidly because many countries 
have issued several “Fuel Ethanol Programs”, aimed at mandating the use of ethanol 
blends through tax incentives or exemption. In 2014, global bioethanol production 
churned out a record of 14.3 billion gallons, eclipsing the previous record of 13.9 
billion gallons set in 2011 (Srivastava et al. 2015).  Mahajen et al. (2014) investigated 
the solid state fermentation both to produce enzymes and delignify the rice straw for 
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the ethanol production. Different thermophilic fungal strains were cultivated on rice 
straw for 7 days at 45 °C and then, the culture extracts were directly used for the 
subsequent saccharification of the Myrothecium roridum treated cornstraw. During 
the saccharification step, the maximum release of reducing sugars (11.26 mg mL-1) 
was obtained using the enzymatic cocktail, consisting of cellobiohydrolase, 
endoglucanase, xylanase, α-arabinofuranosidase, β-xylosidaseand and β-
glucosidase, produced by the strain named CM-3T. The resultant hydrolysates were 
fermented by Saccharomyces cerevisiae, reaching the maximum amount of 15.0 g L-
1 of ethanol.An effective strategy to increase the environmental and economic 
sustainability of the bioconversion process for ethanol production is represented by 
the consolidated bioprocessing (CBP), that combines cellulase production, enzymatic 
hydrolysis and fermentation using an unique microorganism properly engineered to 
perform all these steps in a single  reactor (Zheng et al. 2014).  The production of 
ethanol from lignocellulosic crops by using a fungal strain as unique microorganism 
was investigated by Okamoto et al. (2011) and Kamei et al. (2012), as reported in 
Table 2. Okamoto et al. (2011) performed a direct conversion of wheat bran and rice 
straw into ethanol by using the fungal strain Trametes hirsuta. In 6 days, 78.8 % and 
57.4 % of the theoretical ethanol yield were achieved on wheat bran and rice straw, 
respectively. In addition, the white-rot fungus Phlebia sp. MG-60 was used as single 
microorganism for the conversion of oak wood into ethanol (Kamei et al. 2012). 
Without supplementation of chemicals or enzymes, 40.7% of lignin degradation was 
reached  after 56 days of aerobic incubation, while after 20 days of semi-aerobic 
saccharification and fermentation, 43.9 % of the maximum theoretical value of 
ethanol was obtained. 
2.2 Bacterial treatment 
A single bacterium or a bacterial consortium have been widely investigated for their 
ability to convert factory wastes in biogas, such as methane and biohydrogen, as 
widely discussed in the review published by Demirel et al. (2010). Kim and Kim 
(2013) investigated the production of H2 and CH4 from food waste through a novel 
developed three-stage fermentation process (Table 2). The lactate fermentation 
effluents (LFE), obtained from the first step of food waste fermentation into lactate, 
were used as substrate for the growth of Rhodobacter sphaeroides KD131 and 
converted in H2 by photo-fermentation. Moreover, the remaining residue of LFE were 
converted in CH4 through an anaerobic digestion carried out by an anaerobic digester 
derived from a wastewater treatment plant. The process allowed to convert the 41 % 
and 37 % of the energy food waste into H2 and CH4, respectively. Besides biogas 
production, recently, the attention was focused on the microbial digestion as 
pretreatment step for a sustainable conversion of biomass into a spectrum of more 
competitive bio-based chemicals (Liang et al. 2014; Tang et al. 2015) and biofuels 
(Zhao C. et al. 2014; Du et al. 2015). In comparison to the fungi, the bacterial strains 
show lower level of (hemi)cellulolytic activity production, that reduce the loss of 
cellulose, giving significant advantages during the delignification step (Huang et al. 
2013; Brown et al. 2014). Solid state fermentation, carried out by the strain Bacillus 
subtilis NX-2, was performed to covert the agro-industrial waste dry shiitake 
mushroom residues (DSMR) into poly(γ-glutamic acid) (γ-PGA) (Tang et al. 2015) 
(Table 2). The monosodium glutamate production residues (MGPR) were added to 
the DSMR as a substitute of glutamate, while the industrial waste glycerol was used 
in order to increase the carbon source concentration. Under the optimal DSMR-to-
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MGPR ratio of 12:8, 115.6 g kg-1 γ-PGA was obtained, yield that reached the value of 
107.7 g kg-1 when the scale-up up to 50 Kg in open air was performed.  
 
Table 2. Added-value products achievable from the upgrading of different wastes. 
Wastes Added-value products References 
Fungal treatment 
Hardwood spent sulphite 
liquor 
Ethanol Pereira et al. 2012 
Sugarcane bagasse Ethanol Khuong et al. 2014 
Yard trimmings Methane Zhao J. et al. 2014 
Cornstalk Hydrogen Zhao et al. 2012 Zhao et al. 2013 
Municipal solid waste Methane (hemi)cellulolytic anzymes Mutschlechner et al. 2015 
Rice straw Ethanol (hemi)cellulolytic anzymes Mahajen et al. 2014 
Rapeseed meal 1,3-propanediol (hemi)cellulolytic anzymes Chatzifragkou et al. 2014 
Heat bran  
Rice straw Ethanol Okamoto et al. 2011 
Oak wood  Ethanol Kamei et al. 2012 
 Bacterial treatment  
Food waste Methane Hydrogen Kim and Kim 2013 
Agro-industrial poly(γ-glutamic acid) Tang et al. 2015 
Potato peel waste   
Lactic acid 
Acetic acid 
Ethanol 
Liang et al. 2014 
Miscanthus floridulus Ethanol Zhao C. et al. 2014 
Sweet sorghum stalks Ethanol Du et al. 2015 
 Enzymatic treatment  
Waste cake Methane Kiran et al. 2015 
Corn stower Methane Schroyen et al. 2014 
Wheat straw, hemp, flax, 
corn stover, miscanthus and 
willow 
Methane Schroyen et al. 2015 
Eucalyptus globulus  
Pennisetum purpureum 
Ethanol Gutiérrez et al. 2012 
Waste cooking oils Biodiesel Talukder et al. 2009 
Oil deodorizer distillate Biodiesel Su et al. 2014 
Residual banana Glucose, 
Polyhydroxybutyrate 
Ethanol 
Naranjo et al. 2014 
Food wastes Hydrogen Han et al. 2015 
Paper wastes Different deinked papers Lee et al. 2013 
Paper wastes Deinked old newsprint Virk et al. 2013 
Cotton wastes Scoured cotton fibers Karapinar and Sariisik, 2004 
Cotton wastes Scoured cotton fibers Agrawal et al. 2008 
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Cultures composed of undefined different microrganisms allow to avoid several 
operative restrictions - such as pH control, sterilization, temperature and nutrients - 
due to their quick and efficient response to complex conditions, great self-evolution 
abilities and adaption (Agler et al. 2011). Liang et al. (2014) developed a simple 
bioconversion of potato peel waste (PPW) into lactic acid, acetic acid and ethanol by 
using undefined mixed cultures inoculated from wastewater treatment plant sludge 
(Table 2). Through batch fermentations withouth pH control, 0.22 g g-1, 0.06 g g-1, 
and 0.05 g g-1 of lactic acid, acetic acid and ethanol were obtained.  
Mixed microbial culture can be composed of genetically engineered strains or natural 
consortia. Althogh the engineered strains show high ethanol production and by-
products tolerance (Argyros et al. 2011), they exhibit a confined substrate range and 
more expensive operative conditions in comparison to the natural consortia. 
Nevertheless, furter investigation are needed to improve the poor ethanol production 
showed by most of natural consortia (Zuroff et al. 2012). The anaerobic ethanol-
producing microbial consortium, named SV79, was isolated from Great Basin hot 
springs (Nevada, USA) by Zhao C. et al. (2014) and enriched through medium 
containing the lignocellulosic crop Miscanthus floridulus as carbon source. Genera 
like Acetivibrio, Clostridium, Cellulosilyticum, Ruminococcus and Sporomusa, 
belonging to the consortium, were the main responsible for the biomass conversion 
into ethanol, giving a production of 2.63 mM ethanol g-1 of Miscanthus floridulus 
(Table 2). Du et al. (2015) investigated the ethanol production from sweet sorghum 
stalks of 16 different natural bacterial consortia isolated from several habitats in 
China (Table 2). Besides to select the HP consortium as the best ethanol producer 
(2.06 g L-1 ethanol), they demonstrated the increment of ethanol production by 
several microbial consortia when the strain Pseudoxanthomonas taiwanensis was 
added during the fermentation. This strain produced large amount of β-glucosidase 
enzymes, increasing the cellobiose degradation and reducing the metabolite 
repression of exoglucanase, thus allowing a better consortium performances. Based 
on that, they optimized the amount of Pseudoxanthomonas taiwanensis in the HP 
consortium, generating a new consortium named HPP, reaching a maximum ethanol 
production of 2.5 g L-1. 
2.3 Enzymatic treatment  
Enzymatic treatments have been adopted for a wide range of biotechnological 
processes aimed at converting the waste materials into upgraded products. The 
enzymes represent a green route for the reduction of wastes generation and the 
energy demand, mandatory for the development of economical and eco-friendly 
biorefineries.  
Several researches have been focused on the enzymes application for lignocellulosic 
wastes delignification (Kiran et al. 2015; Schroyen et al. 2015; Schroyen et al. 2014; 
Gutiérrez et al. 2012) as well as for the conversion of oil (Talukder et al. 2009; Su et 
al. 2014;), food (Naranjo et al. 2014; Han et al. 2015), paper (Lee et al. 2013; Virk et 
al. 2013) and cotton (Karapinar end Sariisik, 2004; Agrawal et al 2008) wastes into 
marketable products to be employed in many industrial application, as described 
below.  
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Figure 1. Schematic overview of the biological treatments and the corresponding products described 
in this review.  
 
2.3.1 Enzymatic delignification 
The ligninolytic enzymes can be used for biomass delignification in alternative to 
fungal and bacterial strains. The application of laccase, lignin peroxidase (LiP), 
manganese peroxidase (MnP) and versatile peroxidase (VP) (Heinfling et al. 1998; 
Martínez et al. 2009), not only increases the cellulose accesibility to (hemi)cellulolytic 
anzymes, but it also allows to recover valuable phenolic compounds derived from 
lignin degradation (Zakzeski et al. 2009); this combined effect can be exploited to 
develop an economically and eco-friendly biorefinery system (Roth and Spiess, 
2015).  
Higher delignification rate and quicker process are two of the main advantages of the 
use of enzymes in comparison to the microorganisms (Vivekanand et al. 2008). 
Moreover, the enzymatic delignification can be carried out in wide temperature and 
pH ranges, the nutrient supplementation is not required and there is no sugars 
consumption (Ibarra et al. 2006). However, the high cost of the enzymes is the main 
bottleneck to develop a biorefinery platform in which the bioconversion of 
lignocellulosic feedstock into added-value bioproducts could be carried out. Many 
efforts have being focused on the identification of novel lignin-degrading enzymes 
through advanced metagenomic approaches (Scully et al. 2013), in combination with 
technologies and tools aimed at enhancing the enzyme performances (Ruiz-Dueñas 
et al. 2008, Cherry et al. 1999) and reducing the enzymes production costs (Jun et al. 
2011). Besides available commercially enzymes, culture supernatant rich in 
ligninolytic enzymes or mix containing purified enzymes were employed for the 
biological delignification of lignocellulosic wastes. A cocktail composed of purified 
laccase derived from Trametes versicolor and versatile peroxidase from Bjerkandera 
adusta was tested for the delignification of wheat straw, hemp, flax, corn stover, 
miscanthus and willow followed by methane production (Schroyen et al. 2015) (Table 
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2). A strict relation (R2 = 0.89) between lignin content and biomethane potential 
(BMP) was demonstrated. They observed a high release of total phenolic compounds 
(TPC), index of lignin matrix degradation, during the enzymatic treatment of 
miscanthus and willow, richer in lignin than the other biomasses tested. As a 
consequence, lower biomethane production (68.8-141.7 NL kg-1) was obtained from 
miscanthus and willow in comparison to the values (241 - 288 NL kg-1) shown by the 
other substrates, charachterized by low lignin content. Schroyen et al. (2014) 
delignified the corn stower with different enzymes, like laccase, manganese 
peroxidase and versatile peroxidase for different incubation times (0, 6 and 24 h) 
(Table 2). They observed a biomethane production increament of 25 % after corn 
stower delignification by using laccase for 24 h, while the peroxidase gave an 
increment of 17 % after 6 h.  Moreover, the treatment was characterized by a low 
concentration of inhibitors for the subsequent anaerobic digestion.  
In most cases, lignin-containing substrates were not oxidized because either they are 
not able to enter in the activate site of the enzymes or they present a too high redox 
potential. Based on that, "laccase mediators" were used in combination with laccase 
to promote the oxidation of non-specific substrates (Hu et al. 2009). Gutiérrez et al. 
(2012) verified the feasibility of ethanol production from Eucalyptus globulus and 
Pennisetum purpureum treated by laccase from Trametes villosa in combination with 
the laccase mediator 1-hydroxybenzotriazole (HBT) (Table 2). The delignification 
carried out by using 25 U g-1 and 2.5% HBT increased the glucose release up to 61 
% and 12 % in 72 h and the ethanol production of 4 and 2 g L-1 in 17 h for Eucalyptus 
and Pennisetum, respectively, in comparison to the no treated ones. 
2.3.2 Other wastes upgrading via enzymatic conversion.  
Oil wastes 
Oil wastes are potential feedstock, usable in substitution of the expensive virgin 
vegetable oils, for the production of biodiesel (BD) through lipase application (Huang 
et al. 2009). Talukder et al. (2009) developed a conversion of waste cooking oils 
(WCO) into biodiesel applying a process suitable for a wide range of feedstock 
showing high free fatty acid (FFA) content, such as waste greases and animal fats 
(Table 2). In the first step, a lipase from Candida rugosa was used to hydrolyze WCO 
into fatty acid, which  was subsequently converted in BD through chemical 
esterification. A high BD yield, corresponding of 99 %, was reached even if the lipase 
slightly lost the activity after 5 cycles, determining a decreament of BD yield up to 92 
%.  
Su et al. (2014) adopted a hydrophobic macroporous resin NKA to immobilize the 
lipase produced by Rhizopus oryzae and improve the enzymes performance during 
the rapeseed oil deodorizer distillate (RODD) conversion into BD (Table 2). The 
thermostability and pH-resistance of the immobilized lipase were higher than that of 
the free ones, giving a BD yield of 98.23 %, value comparable to the yield of 97.46 % 
obtained by using the commercial enzyme Novozym 435. The system could be 
efficiently integrated as a part of a RODD biorefinery, since, besides to an efficient 
BD yield, it reduced by 5 % the loss of vitamin E and sterols, achievable from the 
FFAs-extracted RODD.  
 
Food wastes  
A bioferinery system for the conversion of banana residues (peel and pulp) into 
glucose, polyhydroxybutyrate (PHB) and ethanol via enzymatic steps was 
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investigated by Naranjo et al. (2014) (Table 2). The liquefaction of residual banana 
catalyzed by α-amylase, followed by a saccharification through glucoamylase, 
allowed the release of glucose, which was subsequently converted into PHB by the 
strain Burkholderia sacchari IPT101 and into bioethanol by Pichia stipitis. The results 
demonstrated the economic feasibility of the process that reduces the PHB, glucose 
and ethanol production costs to 26 %, 22 % and 53 %, respectively and the global 
need of energy up to 30.6 %. Moreover, the ethanol yield recovery from residual 
banana was comparable with that obtained by using corn starch and cane molasses 
as substrates. 
An enzymatic process for the conversion of food wastes from cantinee university into 
biohydrogen was reported by Han et al. (2015), combining solid state fermentation 
(SSF) with the dark fermentation (Table 2). SSF of Aspergillus awamori and 
Aspergillus oryzae on food waste was exploited to obtain a cocktail of glucoamylase 
and protease, which were used for the subsequent hydrolysis of fermented food 
wastes. The obtained hydrolysate, with a final glucose and free amino nitrogen 
concentration of 36.9 g L-1 and 361.3 mg L-1, respectively, was then converted into 
biohydrogen through dark fermentation by anaerobic sludge collected from a local 
municipal wastewater treatment plant, reaching 39.14 mL of H2 g-1 of food waste.  
 
Paper wastes  
The recycling of paper wastes gives a source of raw fiber that could be reused in 
many industrial applications within the pulp and paper industrial fields. Among the 
several processes needed for the paper recycling, the deinking, used to remove ink 
particles from the paper surface, causes a strong negative impact on the 
environment due to the large use of chemical agents and the production of damaging 
emissions (Prasad et al. 1992). The application of enzymes, such as laccases, 
xylanases, cellulases, esterases, pectinases and amylases is receiving large 
attention since it involves an improvement of recycled paper properties - like strength 
and brightness - in combination with a reduction of the environmental impact (Lee et 
al. 2013; Virk et al. 2013). Lee et al. (2013) evaluated the effects of the enzymatic 
deinking on different waste papers obtained from the University Sains Malaysia 
campus. The cellulase A "Amano" 3 and hemicellulase “Amano” 90 (Amano 
Pharmaceuticals Co. Ltd., Nagoya, Japan) from Aspergillus niger were used for the 
ink removal. Based on the chemical composition of the papers used and the printing 
techniques employed for the inking, a variable deinking efficiency was observed, 
giving deinked papers with different mechanical properties. The highest and the 
lowest deinking efficiency of 86.6 % and 12.9 % were observed for the laser-printed 
paper and newspaper, respectively. A drainage rate of all kinds of the deinked 
papers was effectively increased, while unconformable effects were reported for the 
tensile, burst and tear index. Indeed, the tensile index of magazine paper was 
improved, while its reduction was observed for the bubble jet-printed paper, 
photocopy paper and newspaper. A tear index reduction of 21.1 % was observed for 
the bubble jet-printed whereas a slight increment of 3.1 % was reported for the 
deinked laser-printed paper. Virk et al. (2013) investigated the feasibility of a 
methodology that combines enzymatic and physical deinking for the old newsprint. 
They tested the effectiveness of xylanase from Bacillus halodurans FNP 135 and 
laccase from Rheinheimera species, alone and in combination with sonication and 
microwaving, optimizing the operative conditions such as enzyme dose, pH and 
treatment time through a surface responce metodology. Combining xylanase and 
laccase enzymatic activities, the reduction of effective residual ink concentration of 
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65.8 % was observed, an increment of 37.3 % and 5.8 % in comparison to the use of 
xylanase or laccase individually. An improvement in optical and strength properties - 
burst and tear factor, brightness and viscosity - was also observed, coupled with a 
reduction of 50 % of chemical consumption. The enzymatic treatment combined to a 
microwave and sonication showed the highest reduction of effective residual ink of 
73.9 %, giving a high-quality deinked old newsprint.  
 
Cotton waste 
In the textile industry, the scouring treatment was largely employed in order to 
improve the wettability and the dyeing of the cotton fibers, removing the hydrophobic 
external cuticula. Usually, hot temperature and chemical agents were exploited for 
this treatment, requiring large amount of energy and water (Hartzell-Lawson et al. 
1998). The application of enzymes for the cotton scouring has received large 
attention in order to reduce the negative environmental impact of the process 
(Karapinar and Sariisik, 2004; Agrawal et al. 2008). The wettability and absorbency 
of cotton fibers after the application of different combinations of pectinase, protease 
and cellulase were evaluated by Karapinar and Sariisik (2004), taking also the effects 
on the bleaching and dyeing processes into account. In 60 minutes, a combination of 
cellulase, protease and pectinase, allowed reaching a wettability comparable with 
that obtained by applying the mainstream alkaline treatment. Agrawal et al. (2008) 
developed an efficient scouring strategy at low temperature through a sequential 
combination of cutinase from Fusarium solani pisi and pectinase Bioprep 3000L 
(Novozymes). The cutinase, acting at 30 °C for 15 min, showed the same wax 
removal yield obtained with a solvent extraction. Moreover, its enzymatic activity has 
contrasted the negative increment of hydrophilicity generated by surfactants, like 
Triton X-100, and increased the pectin removal by improving the pectinase 
performances as occurs after a n-hexane treatment.  
 
3. Conclusion and future perspectives 
Future prospects for the optimization of lignocellulosic wastes bioconversion must 
involve a more systematic improvement of microorganisms and enzymes 
performances, with particular attention to the economic feasibility as well as the 
environmental impact.  
Despite its numerous advantages, solid state fermentation is limited by some 
drawbacks, mainly related to the identification of optimal culture conditions such as 
substrateconcentration and sterilization, pH and temperature, in addition to the high 
variability of the process performances (i.e., fungal growth rate and percentage of 
humidity) and the difficulty for the industrial scale-up. In order to solve the limits in the 
operating conditions, many efforts are focused on i) discovering new lignocellulolytic 
microorganisms and/or employing of co-culture systems that are more productive 
under the stressful conditions, (Agler et al. 2011) and, ii) identifiyng the more suitable 
paramenters combination through a statistical optimization (Karp et al. 2015). 
Moreover, improvements on the bioreactors configuration have being carried out to 
solve engineering problems and make possible the solid-state fermentation in 
industrial scale (Ali and Zulkali, 2011). 
As far as the anzymatic treatment is concerned, the main drawback is related to the 
high costs of the enzymes and the large amounts required for the industrial 
applications.  
Microorganisms, such as fungi and microbial strains, are exploited as a source of a 
wide range of enzymatic activities, with the aim to reduce their production costs 
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through economic processes, such as the solid state fermentation (Bhargav et al. 
2008). Nevertheless, naturally produced enzymes show often low performances, like 
restricted range of pH and temperature, low substrate specificity and 
biodegradability, all critical features that limit their use and increase the amounts 
required for accomplish a certain industrial process. Many researches are aimed at 
producing customized enzyme systems with improved hydrolysis efficiencies. A 
combination of genomic, transcriptomic and proteomic analysis allows to i) enhance 
enzymes from natural sources through rational design and directed evolution 
strategies (Lane and Seelig, 2014), ii) discovering of new enzymes with improved 
properties by metagenomic approach (Montella et al. 2015); iii) design of artificial 
enzymes with suitable properties (Liu et al. 2013); and, iv) developing of genetically 
modified microorganisms more suitable for the production of lignocellulolytic 
enzymes by optimized expression systems (Lambertz et al. 2014). Recently, the 
interest is moving towards the expression of in vitro-optimized enzymes in a cell 
factory; indeed, the use of one microorganism engineered with genes from various 
sources allows to reduce the impact from an economic point of view (Kondo et al. 
2013). However, the real application of genetically modified organisms in the wastes 
valorization has to face some difficulties related to ethical issues, such as a negative 
general consumer perception about both the integrity of the manipulated organisms 
and the effects and the risks caused on the environment and human health after their 
release. People have a not positive idea of what is considered unnatural, giving more 
attention to the possible risks than the benefits. This public attitude could be moved 
towards the acceptance of the engineered organisms through appropriate information 
and legislation (McHughen and Smythm, 2008; Bawa and Anilakumar, 2013).  
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Table S1. Primers used for PCR analyses. 
 
Name Sequence (5’-3’) Length (nt) 
Lpr-LcsA-fw AGCTTCTGACCCGCTCCTGA  20 
Lpr-LcsA-rv GCACATCATCAAACAATGGTAAGCC 25 
Lpr-LcsB-fw AGGGGTTTGTGGGATGGGTTGTG  23 
Lpr-LcsB-rv ACAACTACCACCACTACCACGG  22 
Lpr-LcsC-fw TCGCTTATCTCTCTCATGCGCCATT  25 
Lpr-LcsC-rv TGTCCCGTTTTTGTAAGTGGGGG  21 
Lpr-LcsD-fw AGTTCCACCCCCGAAGCTCCT  21 
Lpr-LcsD-rv AGCCGGGACAAGTTTCACAAATTGA  25 
Lpr-LcsE-fw ATAGGGAAAGAGTTCCCCCG  20 
Lpr-LcsE-rv TGACTCTAGTGCAATCTTCGA  21 
Lpr-LcsF-fw CGGCGTTATAATGGGTATCGGAATCGG  27 
Lpr-LcsF-rv GCTCACTATCTCACCCCTATCAATACCC 28 
SSV2attAp01 GTGTTCTACCTTTTCCACAGTC 22 
SSV2attAp02 TGGGTACGTCATTTATTGATCTT 23 
SSV2attAp03 GCTTTTATGCAGTTATTGCTTT 22 
orc1-fw TATAAATTGTTATAGACATAGAACGCTGTA 30 
orc1-rv TTAAATACTTCTTGTGCCGATAGTCC  26 
vp3-fw GTTATTGGTGTAGTTCTGTT 20 
vp3-rv GGGTACAACAATTAAGACTA 20 
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Table S2. Uninfected S. solfataricus InF1 strain: a complete list of the up-regulated and down-
regulated genes throughout the growth. 
 
Gene ID 
Average 
log2 Ratio 
S.D. 
log2 Ratio VGEF Function 
NT02SS2357 2.89 0.71 7.43 Intergenic region 
SSO0127 1.07 0.17 2.09 2-isopropylmalate synthase 
SSO0389 2.24 0.28 4.73 Glycosylated S-layer protein 
SSO0488 2.06 1.23 4.18 Phosphate ABC transporter 
SSO0489 5.06 0.40 33.46 Phosphate binding periplasmic protein  
SSO0490 3.87 0.40 14.64 Phosphate transport system permease 
SSO0491 2.51 1.13 5.71 Phosphate transport system permease 
SSO0545 2.47 1.20 5.54 Hypothetical protein 
SSO0786 2.54 0.83 5.80 Amino acid specific permease 
SSO0929 1.56 0.32 2.94 Ribonucleotide reductase (nrd) 
SSO1005 1.41 0.59 2.65 Hypothetical protein 
SSO10788 2.03 0.12 4.09 Bacterial response and virulence 
SSO1092 2.18 1.10 4.54 Hypothetical protein 
SSO11071 1.08 0.12 2.12 Pyruvate synthase delta chain 
SSO1129 1.74 0.41 3.35 Heterodisulfite reductase, subunit B 
SSO1171 1.10 0.14 2.14 Maltose ABC transporter 
SSO1183 2.76 1.39 6.76 Inorganic phosphate transporter 
SSO11855 1.21 0.34 2.32 STIV-infection differentially regulated 
SSO1227 2.03 0.90 4.07 Toluene-4-monooxygenase system protein A 
SSO1237 1.14 0.11 2.21 First ORF in transposon ISC1491 
SSO1287 1.70 0.64 3.25 Hypothetical protein 
SSO1288 2.82 0.79 7.08 Hypothetical protein 
SSO1320 1.18 0.18 2.27 Hypothetical protein 
SSO1526 1.58 0.86 3.00 Pyruvate dehydrogenase, alfa subunit 
SSO1665 1.34 0.54 2.54 Cytosine permease 
SSO1835 2.40 1.29 5.26 DNA polymerase beta domain  
SSO1858 1.74 0.65 3.34 Hypothetical protein 
SSO1860 1.47 0.50 2.77 Bacitracin resistance protein 
SSO1865 1.32 0.48 2.49 Universal stress protein family 
SSO1894 2.73 0.69 6.64 Hypothetical protein 
SSO1910 1.87 0.30 3.66 Hypothetical protein 
SSO1931 2.07 1.11 4.20 Hypothetical protein 
SSO2029 3.00 0.92 7.99 Hypothetical protein 
SSO2044 1.71 0.41 3.27 NAD specific glutamate dehydrogenase  
SSO2126 1.69 0.60 3.23 L-lactate permease 
SSO2476 1.26 0.01 2.40 Metabolite permease, putative 
SSO2505 3.49 0.92 11.24 Sugar transport protein 
SSO2523 2.35 0.74 5.09 Long-chain-fatty-acid--CoA ligase  
SSO2629 2.03 0.44 4.08 Oxidoreductase (flavoprotein) 
SSO2630 1.17 0.38 2.25 SirA family protein 
SSO2632 1.44 0.38 2.71 Hypothetical protein 
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SSO2636 2.27 0.67 4.83 Carbon monoxide dehydrogenase 
SSO2756 1.38 0.17 2.60 Pyruvate synthase beta chain 
SSO2797 1.18 0.34 2.27 Conserved hypothetical protein 
SSO2815 1.26 0.27 2.39 2-oxoacid--ferredoxin oxidoreductase 
SSO2863 1.82 1.01 3.53 Acetyl-CoA synthetase 
SSO2864 1.29 0.09 2.45 Conserved hypothetical protein 
SSO2966 1.36 0.59 2.57 Conserved hypothetical protein 
SSO2967 3.04 0.32 8.20 Hypothetical protein 
SSO2969 1.53 0.37 2.89 Quinol oxidase-2, subunit I 
SSO2970 2.23 0.76 4.69 Quinol oxidase-2, cytochrome b 
SSO2971 1.90 0.57 3.72 Quinol oxidase-2, rieske iron-sulfur protein-2 
SSO2973 2.61 0.25 6.11 Quinol oxidase-2, subunit I/III, cytochrome 
aa3  
SSO3043 3.35 0.43 10.19 ABC transporter, binding protein 
SSO3053 4.67 2.27 25.53 Maltose ABC transporter 
SSO3058 2.08 1.66 4.24 Maltose ABC transporter, 
SSO3120 3.28 0.46 9.71 Metabolite transport protein, putative 
SSO3180 2.42 0.03 5.33 Phosphate transporter related protein 
SSO7127 1.79 0.71 3.46 non-coding RNA homolog 
SSO0091 -2.22 0.69 -4.67 LSU ribosomal protein L7AE (rpl7AE) 
SSO0164 -1.58 0.29 -2.99 LSU ribosomal protein S8E (rps8E) 
SSO0200 -1.29 0.46 -2.44 ArsR family transcriptional regulators 
homolog 
SSO0219 -1.55 0.63 -2.93 SSU ribosomal protein S12AB (rpS12AB) 
SSO0278 -1.25 0.38 -2.38 Proteasome subunit 
SSO0366 -1.49 0.49 -2.81 Glutamine synthetase 
SSO0536 -1.86 0.46 -3.64 S-adenosylmethionine decarboxylase 
SSO0742 -1.18 0.26 -2.26 LSU ribosomal protein L15E 
SSO0746 -1.17 0.14 -2.26 SSU ribosomal protein S3AE (rps3AE) 
SSO0752 -1.24 0.28 -2.37 LSU ribosomal protein L21E (rpl21E) 
SSO0962 -1.71 0.39 -3.27 DNA binding protein SSO10b (Alba 1) 
SSO1067 -1.34 0.44 -2.54 Second ORF in transposon ISC1359 
SSO1100 -1.20 0.33 -2.30 Hypothetical protein 
SSO1101 -1.39 0.54 -2.62 Transcriptional regulator 
SSO1107 -1.28 0.39 -2.43 Hypothetical protein 
SSO1586 -1.65 0.36 -3.13 Conserved hypothetical protein 
SSO1593 -2.13 1.10 -4.38 Benzoate transporter 
SSO2574 -2.56 0.84 -5.91 Ferredoxin (zfx-1) 
SSO2595 -1.07 0.22 -2.10 Conserved hypothetical protein 
SSO2613 -1.68 0.04 -3.21 Peroxiredoxin, bacterioferritincomigratory 
SSO3155 -1.99 1.04 -3.98 Tryptophan repressor binding protein (wrbA) 
SSO5343 -1.02 0.09 -2.02 Conserved hypothetical protein 
SSO5410 -1.06 0.05 -2.08 Small nuclear riboprotein protein (snRNP-1) 
SSO6454 -1.05 0.12 -2.08 snRNP-2 small nucleare riboprotein 
SSO7114 -1.06 0.11 -2.08 SSU ribosomal protein S27E 
SSO9724 -1.00 0.11 -2.00 Hypothetical protein 
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Table S3. S. solfataricus SSV1-InF1 infected strain: a complete list of the up-regulated and down-
regulated genes throughout the growth. 
Gene ID 
Average 
log2 Ratio 
S.D.
log2 Ratio VGEF Function 
small-RNA 
sR116 
1.22 0.31 2.33 small cytoplasmic RNA 
SSO0269 1.39 0.54 2.61 GTP-binding protein (hflX) 
SSO0276 1.40 0.42 2.64 
Small nuclear ribonucleoprotein 
(snRNP)  
SSO0794 1.33 0.10 2.51 Transposase ISC1476 
SSO0999 1.45 0.63 2.73 ABC Transporter 
SSO10452 2.07 0.67 4.20 Hypothetical protein 
SSO1052 1.38 0.39 2.60 Oligosaccharyltransferase STT3 
SSO1069 1.85 0.77 3.62 Amino acid transporter 
SSO1126 1.34 0.20 2.54 ChainA, Putative Oxidoreductase 
SSO1284 1.56 0.36 2.94 Oligo/dipeptide transport, permease 
protein 
SSO1717 1.47 0.66 2.76 Second ORF in transposon ISC1048 
SSO1752 1.02 0.02 2.02 Hypothetical protein 
SSO2660 1.39 0.55 2.61 Rieske iron-sulfur protein-1 (soxL-1) 
SSO2661 1.50 0.29 2.83 P-aminobenzoate N-oxygenase
SSO3085 1.15 0.36 2.22 Hypothetical sulphur transporter 
SSO3123 0.93 0.05 1.91 Hypothetical protein 
SSO3211 1.02 0.03 2.03 4-aminobutyrate aminotransferase
small-RNA 
sR102 -1.27 0.53 -2.42 small cytoplasmic RNA
SSO0221 -1.30 0.15 -2.47 LSU ribosomal protein L30E (rpl30E)
SSO0637 -1.74 0.65 -3.34 Hypothetical protein
SSO0961 -1.16 0.23 -2.24 Hypothetical protein
SSO12181 -0.96 0.08 -1.94 Hypothetical protein
SSO2138 -1.53 0.33 -2.89 PadR family transcripitonal regulator
SSO2180 -1.35 0.49 -2.55 Hypothetical protein
SSO2253 -1.12 0.03 -2.18 Rubrerythrin (oxidative stress
tolerance) 
SSO2381 -0.92 0.05 -1.90 Translation initiation factor 2, beta
subunit 
SSO2827 -1.09 0.21 -2.13 Predicted transcriptional regulator
SSO5478 -1.05 0.21 -2.07 LSU ribosomal protein L24E (rpl24E)
SSO5663 -1.18 0.25 -2.26 Protein transport protein sec61
SSO5668 -0.98 0.13 -1.97 LSU ribosomal protein LX
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Table S4. S. solfataricus SSV2-InF1 infected strain: a complete list of the up-regulated and down-
regulated genes throughout the growth. 
 
Gene ID 
Average 
log2 Ratio 
S.D. 
log2 Ratio 
VGEF Function 
small-RNA_sR103 1.03 0.10 2.05 RNA 
SSO0044 1.29 0.12 2.45 Heme bearing subunit I of the 
terminal oxidase (doxB) 
SSO0045 1.32 0.07 2.50 Terminal oxidase, subunit (doxC) 
SSO0227 1.40 0.17 2.63 DNA-directed RNA polymerase, 
subunit B’’ (rpoB1) 
SSO0269 1.29 0.20 2.45 GTP-binding protein (hflX) 
SSO0276 1.46 0.24 2.75 Small nuclear ribonucleoprotein 
(snRNP) homolog 
SSO0931 1.42 0.12 2.67 Predicted transcriptional regulator 
SSO0944 1.04 0.07 2.05 Hypothetical protein 
SSO0980 1.30 0.05 2.47 Transposase ISC1217 
SSO0999 1.58 0.22 2.99 ABC transporter 
SSO1000 1.09 0.21 2.13 Maltose transport inner membrane 
protein 
SSO1004 1.42 0.21 2.67 FAD linked oxidase homologue 
SSO10449 1.03 0.07 2.04 Predicted transcriptional regulator 
SSO10452 1.24 0.09 2.36 Hypothetical protein 
SSO11076 1.44 0.12 2.71 Glycosyltransferase, putative 
SSO1125 1.05 0.21 2.08 DsrE/DsrF-like family homologue 
SSO1141 1.43 0.36 2.69 Copper binding protein 
SSO1152 1.05 0.09 2.07 Peptidase U62 modulator of DNA 
gyrase homolog 
SSO11550 1.27 0.19 2.42 STIV infection differentially 
regulated gene 
SSO11575 1.41 0.19 2.65 Hypothetical protein 
SSO1162 1.52 0.13 2.86 Multidrug resistance protein 
SSO1268 1.05 0.21 2.07 Glutamine-fructose-6-phosphate 
transaminase (isomerizing glmS-2) 
SSO1281 1.15 0.27 2.21 Last part of transposase in 
ISC1250 
SSO1282 1.93 0.31 3.81 Oligo/dipeptide transport, ATP 
binding protein . (dppD-2) 
SSO1284 2.36 0.28 5.14 Oligo/dipeptide transport, permease 
protein (dppB-2) 
SSO1312 1.75 0.23 3.36 Ring oxydation complex/ 
phenylacetic acid degradation 
related protein 
SSO1334 1.63 0.29 3.10 Malate synthase, putative 
(aceB/mas) 
SSO1389 1.61 0.34 3.05  csx1(CRISPR/cas system-
associated protein) 
SSO1439 0.80 0.06 1.74 cas’’ (Nuclease subunits of Cas3) 
SSO1424 1.45 0.24 2.74 
csa5(CRISPR/cas system-
associated protein  so-called) 
‘small’ subunit 
SSO1425 1.21 0.22 2.32 csm3 (CRISPR-associated RAMP) 
SSO1443 2.56 0.15 5.91 csa5 (CRISPR/cas system-associated protein)  
SSO1691 1.16 0.12 2.23 Hypothetical protein 
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SSO1717 1.42 0.08 2.68 Second ORF in transposon 
ISC1048 
SSO1812 1.85 0.27 3.60 SirA family protein homologue 
SSO1814 1.16 0.07 2.23 Transposase ISC1234 
SSO1842 1.35 0.49 2.55 Glyceraldehyde-3-phosphate 
dehydrogenase, NADP dependent 
(gapN-2) 
SSO1870 1.85 0.11 3.60 Rusticyanin homologue 
SSO1911 0.99 0.06 1.98 Hemerythrin 
SSO1997 2.13 0.47 4.37 CRISPR-associated autoregulator, 
DevR family homolog 
SSO2048 1.97 0.19 3.93 Hypothetical protein 
SSO2059 1.25 0.38 2.38 Acetyl-CoA synthetase (acetate-
CoA ligase acsA-6) 
SSO2067 1.25 0.48 2.38 Indolepyruvate ferredoxin 
oxidoreductase alpha subunit (iorA) 
SSO2131 1.30 0.34 2.46 Transcriptional regulator homolog 
(Lrp/AsnC family) 
SSO2291 3.00 0.00 7.98 Protein kinase, putative 
SSO2617 1.04 0.11 2.06 Dipeptide ABC transporter 
permease protein dppC-3 
SSO2656 0.99 0.04 1.99 Quinol oxidase (SoxABC), 
cytochrome B subunit (soxC) 
SSO2657 1.41 0.10 2.66 Quinol oxidase (SoxABC), 
cytochrome aa3 subunit (soxB) 
SSO2660 1.23 0.09 2.34 Rieske iron-sulfur protein-1 (soxL-
1) 
SSO2661 1.22 0.08 2.33 Hypothetical protein 
SSO2681 1.00 0.07 2.01 Hypothetical protein 
SSO2690 2.11 0.15 4.30 Sulfolobus mercury resistance 
protein, MerI (Sulfolobusislandicus) 
SSO2757 2.60 0.31 6.06 Pyruvic-ferredoxin oxidoreductase 
alpha chain  (porA-2) 
SSO2758 1.22 0.16 2.33 Pyruvic-ferredoxin oxidoreductase 
gamma chain  (porG-2) 
SSO2761 1.07 0.15 2.09 Acyl-CoA dehydrogenase (acd-5) 
SSO2827 1.11 0.07 2.15 Predicted transcriptional regulator 
SSO2831 1.06 0.03 2.08 AAA family ATPase 
SSO2846 1.21 0.09 2.32 Extracellular ligand-binding 
receptor  homolog 
SSO2881 1.09 0.23 2.14 Fe-S oxidoreductase homologue 
SSO2882 1.41 0.26 2.65 Transposase ISC1234 
SSO2986 1.12 0.02 2.18 Predicted transcriptional regulator 
SSO2991 2.00 0.18 4.01 Hypothetical protein 
SSO3045 1.23 0.20 2.34 
ABC transporter, ATP binding 
protein 
SSO3054 1.76 0.40 3.38 Terminal oxidase, small 
hydrophobic subunit (doxE) 
SSO1443 2.56 0.15 5.91 csa5 (CRISPR/cas system-
associated protein) 
SSO1691 1.16 0.12 2.23 Hypothetical protein 
SSO1717 1.42 0.08 2.68 Second ORF in transposon 
ISC1048 
SSO1812 1.85 0.27 3.60 SirA family protein homologue 
SSO1814 1.16 0.07 2.23 Transposase ISC1234 
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SSO1842 1.35 0.49 2.55 Glyceraldehyde-3-
phosphatedehydrogenase, NADP 
dependent (gapN-2) 
SSO1870 1.85 0.11 3.60 Rusticyanin homologue 
SSO1911 0.99 0.06 1.98 Hemerythrin 
SSO1997 2.13 0.47 4.37 
CRISPR-associated autoregulator, 
DevR family homolog 
SSO2048 1.97 0.19 3.93 Hypothetical protein 
SSO2059 1.25 0.38 2.38 Acetyl-CoA synthetase (acetate-
CoA ligase acsA-6) 
SSO2067 1.25 0.48 2.38 Indolepyruvate ferredoxin 
oxidoreductase alpha subunit (iorA) 
SSO2131 1.30 0.34 2.46 Transcriptional regulator homolog 
(Lrp/AsnC family) 
SSO2291 3.00 0.00 7.98 Protein kinase, putative 
SSO2617 1.04 0.11 2.06 Dipeptide ABC transporter 
permease protein dppC-3 
SSO2656 0.99 0.04 1.99 Quinol oxidase (SoxABC), 
cytochrome B subunit (soxC) 
SSO2657 1.41 0.10 2.66 Quinol oxidase (SoxABC), 
cytochrome aa3 subunit (soxB) 
SSO2660 1.23 0.09 2.34 Rieske iron-sulfur protein-1 (soxL-
1) 
SSO2661 1.22 0.08 2.33 Hypothetical protein 
SSO2681 1.00 0.07 2.01 Hypothetical protein 
SSO2690 2.11 0.15 4.30 Sulfolobus mercury resistance 
protein, MerI (Sulfolobusislandicus) 
SSO2757 2.60 0.31 6.06 Pyruvic-ferredoxin oxidoreductase 
alpha chain  (porA-2) 
SSO2758 1.22 0.16 2.33 Pyruvic-ferredoxin oxidoreductase 
gamma chain  (porG-2) 
SSO2761 1.07 0.15 2.09 Acyl-CoA dehydrogenase (acd-5) 
SSO2827 1.11 0.07 2.15 Predicted transcriptional regulator 
SSO2831 1.06 0.03 2.08 AAA family ATPase 
SSO2846 1.21 0.09 2.32 Extracellular ligand-binding 
receptor  homolog 
SSO2881 1.09 0.23 2.14 Fe-S oxidoreductase homologue 
SSO2882 1.41 0.26 2.65 Transposase ISC1234 
SSO2986 1.12 0.02 2.18 Predicted transcriptional regulator 
SSO2991 2.00 0.18 4.01 Hypothetical protein 
SSO3045 1.23 0.20 2.34 ABC transporter, ATP binding 
protein 
SSO3123 1.38 0.17 2.60 Hypothetical protein 
SSO3130 1.15 0.12 2.21 Iron-sulfur protein, conserved 
putative 
SSO3131 1.19 0.12 2.28 Heterodisulfide reductase related 
protein 
SSO3174 1.15 0.13 2.23 Histidine kinase 
(Sulfolobussolfataricus) 
SSO3178 1.32 0.04 2.50 Hypothetical protein 
SSO3188 1.64 0.11 3.12 Hypothetical protein 
SSO5027 1.08 0.12 2.11 Hypothetical protein 
SSO5098 1.42 0.15 2.67 Terminal oxidase, small 
hydrophobic subunit (doxE) 
SSO7239 1.13 0.14 2.18 Conserved hypothetical protein 
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SSO9088 1.64 0.19 3.11 Intergenic region 
SSO9180 1.01 0.02 2.02 7 KD DNA-binding protein 
SSO9500 1.37 0.14 2.58 Conserved hypothetical protein 
SSOLCTR1a_6470_
1708-1767 
1.07 0.00 2.11 CRISPR Locus A 
SSOLCTR1a_6470_
3373-3432 
0.03 0.03 1.02 CRISPR Locus A 
SSOLCTR1a_6470_
6329-6394 
0.68 0.02 1.60 CRISPR Locus A 
SSOLCTR1b_5964_
278-343 
0.77 0.05 1.70 CRISPR Locus B 
SSOLCTR1b_5964_
1493-1557 
0.63 0.01 1.55 CRISPR Locus B 
SSOLCTR1b_5964 0.52 0.04 1.44 CRISPR Locus B 
SSOLCTR1c_1993_
10-71 
1.41 0.08 2.66 CRISPR Locus C 
SSOLCTR1c_1993 1.15 0.18 2.22 CRISPR Locus C 
SSOLCTR1c_1993_
1916-1980 
0.94 0.01 1.91 CRISPR Locus C 
SSOLCTR1d_6005_
483-551 
1.40 0.08 2.65 CRISPR Locus D 
SSOLCTR1d_6005 0.93 0.17 1.91 CRISPR Locus D 
SSOLCTR1d_6005_
105-174 
0.85 0.16 1.80 CRISPR Locus D 
SSOLCTR1d_6005_
5568-5630 
1.27 0.02 2.42 CRISPR Locus D 
SSOLCTR1e_402 0.03 0.05 1.02 CRISPR Locus E 
SSOLCTR1f_5776_3
689-3753 0.68 0.09 1.60 CRISPR Locus F 
SSOLCTR1f_5776_4
021-4090 
0.00 0.04 1.00 CRISPR Locus F 
SSOLCTR1f_5776_4
350-4419 
0.62 0.19 1.54 CRISPR Locus F 
SSO0067 -1.65 0.15 -3.13 SSU ribosomal protein S2AB 
(rps2AB) 
SSO0098 -1.19 0.16 -2.28 Methionine aminopeptidase 2 
SSO0099 -1.70 0.06 -3.24 Conserved hypothetical protein 
SSO0173 -1.24 0.01 -2.36 Aspartyl-tRNAsynthetase (aspS) 
SSO0192 -1.64 0.04 -3.12 Glutaredoxin related protein 
SSO0199 -2.21 0.07 -4.64 S-adenosylmethioninesynthetase 
(maT) 
SSO0202 -1.31 0.23 -2.48 D-arabino 3-hexulose 6-phosphate 
formaldehyde lyase (hpS-2) 
SSO0217 -1.19 0.26 -2.28 SSU ribosomal protein S7AB 
(rpS7AB) 
SSO0230 -1.49 0.18 -2.81 Nucleoside diphosphate kinase 
(NDP kinase) (ndk) 
SSO0235 -1.05 0.02 -2.08 Radical SAM protein homolog  
SSO0240 -1.26 0.22 -2.39 Adenylosuccinatelyase 
(adenylosuccinase)(ASL) (purB) 
SSO0256 -1.11 0.02 -2.16 Conserved hypothetical protein 
SSO0292 -1.32 0.10 -2.50 exosome complex RNA-binding 
protein Csl4 homolog 
SSO0320 -1.13 0.20 -2.19 Hypothetical protein 
SSO0352 -1.14 0.05 -2.20 Apoptosis-related Tfar19 related 
protein   
 
 
Appendix VI 
 
SSO0353 -1.39 0.14 -2.63 SSU ribosomal protein S19E 
(rps19E) 
SSO0356 -1.67 0.00 -3.17 Phosphate regulatory protein, 
putative 
SSO0358 -1.11 0.27 -2.16 Conserved hypothetical protein 
SSO0363 -1.06 0.16 -2.09 Prolidase 
SSO0397 -1.60 0.15 -3.04 Proliferating cell nuclear antigen 
putative homolog 
SSO0408 -1.48 0.09 -2.79 SSU ribosomal protein S13E 
SSO0415 -1.54 0.18 -2.91 DNA-directed RNA polymerase, 
subunit E (rpoE1) 
SSO0420 -1.16 0.04 -2.24 Reverse gyrase (topR-1) 
SSO0435 -1.71 0.03 -3.28 SSU ribosomal protein S24E 
(rps24E) 
SSO0436 -1.30 0.28 -2.46 Thiazole biosynthetic enzyme 
SSO0439 -1.08 0.20 -2.11 tRNA intron endonuclease, putative 
SSO0460 -1.62 0.03 -3.08 MRP protein homolog, conserved 
ATPase (mrp) 
SSO0481 -1.16 0.26 -2.23 HAD-superfamily hydrolase 
homolog 
SSO0501 -1.10 0.06 -2.15 Conserved hypothetical protein 
SSO0503 -1.23 0.04 -2.35 Conserved hypothetical protein 
SSO0553 -1.14 0.17 -2.20 Conserved hypothetical protein 
SSO0554 -1.30 0.37 -2.46 Ribosomal protein L11 
methyltransferase, putative 
SSO0555 -1.31 0.10 -2.48 Conserved hypothetical protein 
SSO0608 -1.42 0.37 -2.67 Conserved hypothetical protein 
SSO0098 -1.19 0.16 -2.28 Methionine aminopeptidase 2 
SSO0099 -1.70 0.06 -3.24 Conserved hypothetical protein 
SSO0173 -1.24 0.01 -2.36 Aspartyl-tRNAsynthetase (aspS) 
SSO0192 -1.64 0.04 -3.12 Glutaredoxin related protein 
SSO0199 -2.21 0.07 -4.64 S-adenosylmethioninesynthetase 
(maT) 
SSO0202 -1.31 0.23 -2.48 D-arabino 3-hexulose 6-phosphate 
formaldehyde lyase (hpS-2) 
SSO0217 -1.19 0.26 -2.28 SSU ribosomal protein S7AB 
(rpS7AB) 
SSO0230 -1.49 0.18 -2.81 Nucleoside diphosphate kinase 
(NDP kinase) (ndk) 
SSO0235 -1.05 0.02 -2.08 Radical SAM protein homolog  
SSO0240 -1.26 0.22 -2.39 Adenylosuccinatelyase 
(adenylosuccinase)(ASL) (purB) 
SSO0256 -1.11 0.02 -2.16 Conserved hypothetical protein 
SSO0292 -1.32 0.10 -2.50 exosome complex RNA-binding 
protein Csl4 homolog 
SSO0320 -1.13 0.20 -2.19 Hypothetical protein 
SSO0352 -1.14 0.05 -2.20 Apoptosis-related Tfar19 related 
protein   
SSO0353 -1.39 0.14 -2.63 SSU ribosomal protein S19E 
(rps19E) 
SSO0356 -1.67 0.00 -3.17 Phosphate regulatory protein, 
putative 
SSO0358 -1.11 0.27 -2.16 Conserved hypothetical protein 
SSO0363 -1.06 0.16 -2.09 Prolidase 
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SSO0397 -1.60 0.15 -3.04 Proliferating cell nuclear antigen 
putative homolog 
SSO0408 -1.48 0.09 -2.79 SSU ribosomal protein S13E 
SSO0415 -1.54 0.18 -2.91 DNA-directed RNA polymerase, 
subunit E (rpoE1) 
SSO0420 -1.16 0.04 -2.24 Reverse gyrase (topR-1) 
SSO0435 -1.71 0.03 -3.28
SSU ribosomal protein S24E 
(rps24E) 
SSO0436 -1.30 0.28 -2.46 Thiazole biosynthetic enzyme 
SSO0439 -1.08 0.20 -2.11 tRNA intron endonuclease, putative 
SSO0460 -1.62 0.03 -3.08 MRP protein homolog, conserved 
ATPase (mrp) 
SSO0481 -1.16 0.26 -2.23 HAD-superfamily hydrolase 
homolog 
SSO0501 -1.10 0.06 -2.15 Conserved hypothetical protein 
SSO0503 -1.23 0.04 -2.35 Conserved hypothetical protein 
SSO0553 -1.14 0.17 -2.20 Conserved hypothetical protein 
SSO0554 -1.30 0.37 -2.46 Ribosomal protein L11 
methyltransferase, putative 
SSO0555 -1.31 0.10 -2.48 Conserved hypothetical protein 
SSO0608 -1.42 0.37 -2.67 Conserved hypothetical protein 
SSO0626 -1.96 0.30 -3.88 Phosphoribosylaminoimidazole-
succinocarboxamide synthase 
(SAICAR synthetase) (purC) 
SSO0708 -1.07 0.15 -2.09 LSU ribosomal protein L14AB 
(rpl14AB) 
SSO0757 -1.16 0.06 -2.23 Spermidine synthase 
SSO0771 -1.22 0.21 -2.34 Cell division control 6/orc1 protein 
homolog (cdc6-2) 
SSO0881 -1.47 0.01 -2.78 VPS24 Conserved protein 
implicated in secretion homolog 
SSO0886 -1.20 0.12 -2.30 myo-inositol-1-phosphate synthase 
SSO0911 -1.19 0.01 -2.28 Cell division protein 
SSO0946 -1.89 0.09 -3.70 Transcription initiation factor IIB 
(TFIIB) homolog (TFB-2) 
SSO0951 -1.37 0.19 -2.58 TATA box binding protein, 
hypothetical (tfIID) 
SSO0981 -1.21 0.07 -2.31 Pyruvate kinase (pyK) 
SSO10285 -1.35 0.15 -2.55 Coenzyme PQQ synthesis protein 
SSO12199 -1.08 0.06 -2.11 Nucleotide pyrophosphohydrolase 
SSO1889 -1.66 0.24 -3.16 ATP-dependent RNA helicase 
SSO1890 -1.15 0.10 -2.23 major facilitator superfamily MFS_1 
homolog 
SSO2089 -1.07 0.14 -2.09 TenA family transcriptional 
regulator homolog 
SSO2146 -1.28 0.03 -2.42 major facilitator superfamily MFS_1 
homolog 
SSO2182 -1.13 0.14 -2.19 Isocitrate dehydrogenase 
SSO2190 -1.19 0.10 -2.29 Hypothetical protein 
SSO2222 -1.08 0.23 -2.11 Thioredoxin reductase (trxB-1) 
SSO2231 -1.59 0.33 -3.00 Hypothetical protein 
SSO2255 -1.15 0.05 -2.22 Peroxiredoxin, 
bacterioferritincomigratory protein 
homolog  (bcp-3) 
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SSO2279 -1.69 0.06 -3.23 Hypothetical protein 
SSO2292 -2.11 0.31 -4.31 Amino acid transporter related 
protein 
SSO2390 -1.57 0.12 -2.98 Inorganic pyrophosphatase, 
putative (ppa) 
SSO2407 -1.36 0.02 -2.56 2-isopropylmalate synthase, 
putative (leuA-3) 
SSO2423 -1.01 0.05 -2.02 Type I 
phosphodiesterase/nucleotide 
pyrophosphatase homolog 
SSO2431 -1.23 0.20 -2.35 Carbon monoxide dehydrogenase 
subunit G homolog 
SSO2433 -1.09 0.16 -2.12 Carbon monoxide dehydrogenase, 
small chain (cutC-1) 
SSO2583 -1.22 0.04 -2.33 Sulfolipid biosynthesis protein 
(sqdB) 
SSO2585 -1.18 0.26 -2.27 L-lactate dehydrogenase    
SSO2635 -1.12 0.03 -2.17 Hypothetical protein 
SSO2653 -1.48 0.08 -2.79 Conserved hypothetical protein 
SSO2706 -1.03 0.11 -2.04 
5-methylthioadenosine 
phosphorylase (mtaP) 
SSO2778 -1.08 0.06 -2.11 UspA domain protein homolog 
SSO3003 -1.14 0.06 -2.21 Glucose 1-dehydrogenase (dhg-1) 
SSO3189 -2.58 0.02 -6.00 Amino acid transporter related 
protein 
SSO3200 -1.11 0.07 -2.15 Conserved hypothetical protein 
SSO3219 -1.04 0.18 -2.06 Sugar phosphate 
nucleotydyltransferase 
SSO3224 -1.32 0.07 -2.50 Amino acid transporter related 
protein 
SSO3226 -1.06 0.17 -2.09 Fructose-bisphosphate aldolase 
homolog 
SSO5345 -0.97 0.06 -1.96 Traslation elongation factor EF-1 
beta subunit 
SSO5478 -1.54 0.18 -2.91 LSU ribosomal protein L24E 
(rpl24E) 
SSO5544 -1.20 0.01 -2.30 Carboxylate-amine ligase  
SSO5668 -0.96 0.07 -1.94 LSU ribosomal protein LX 
SSO5798 -1.16 0.09 -2.24 DNA-directed RNA polymerase, 
subunit E (rpoE2) 
SSO6264 -1.57 0.26 -2.98 Conserved hypothetical protein 
SSO6453 -1.20 0.04 -2.29 LSU ribosomal protein L37E 
(rpl37E) 
SSO6830 -1.23 0.18 -2.35 STIV infection differentially 
regulated gene 
SSV2_A305 -1.54 0.04 -2.91 SSV2 ORF 
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Table S5. S. solfataricus SSV1/SSV2-InF1 infected strain: a complete list of the up-regulated and 
down-regulated genes throughout the growth. 
 
Similarly regulated in the SSV1-InF1 infected strain 
Similarly regulated in the SSV2-InF1 infected strain 
Similarly regulated in both single-infected strains 
 
Gene ID 
Average 
log2 Ratio 
S.D. 
log2 Ratio VGEF Function 
non-coding-
RNA_Sso-181 1.07 0.06 2.11 non-coding RNA 
SSO0276 1.67 0.06 3.18 Like-Sm ribonucleoprotein core 
homologue 
SSO0445 1.14 0.15 2.20 Agmatinase 
(agmatineureohydrolase) (speB-1) 
SSO0535 1.04 0.06 2.06 Acyl carrier protein synthase 
SSO0544 1.02 0.05 2.03 ExsB family protein homologue 
SSO1052 1.16 0.08 2.23 Oligosaccharyltransferase STT3 
subunit (B5) 
SSO1284 1.07 0.07 2.10 Oligo/dipeptide transport, permease 
protein (dppB-2) 
SSO1312 1.46 0.27 2.74 Ring oxidation complex/ phenylacetic 
acid degradation related protein 
SSO1859 1.11 0.04 2.16 Heat shock protein (htpX-1) 
SSO2048 1.28 0.12 2.44 Hypothetical protein 
SSO3051 1.41 0.10 2.66 Alpha-glucosidase (malA) 
SSO0099 -1.22 0.15 -2.34 Glutaredoxin related protein, metal-
dependent hydrolase 
SSO0192 -1.15 0.11 -2.22 Glutaredoxin related protein 
SSO0356 -1.37 0.33 -2.58 Phosphate regulatory protein, putative 
SSO0397 -1.09 0.10 -2.13 Proliferating cell nuclear antigen 
putative homologue 
SSO0420 -1.07 0.04 -2.10 Reverse gyrase (topR-1) 
SSO0437 -1.16 0.17 -2.23 3-octaprenyl-4-hydroxybenzoate 
decarboxylase 
SSO0460 -1.14 0.16 -2.20 MRP protein homologue, conserved 
ATPase (mrp) 
SSO0503 -1.11 0.15 -2.16 Hypothetical protein 
SSO0626 -1.34 0.25 -2.53 Phosphoribosylaminoimidazole-
succinocarboxamide synthase 
SSO0881 -1.19 0.08 -2.28 Hypothetical protein 
SSO0951 -1.26 0.11 -2.40 TATA box binding protein, hypothetical 
(tfIID) 
SSO1877 -1.25 0.06 -2.37 Small metal-binding protein 
SSO1889 -1.03 0.35 -2.05 ATP-dependent RNA helicase 
SSO2292 -1.89 0.30 -3.71 Amino acid transporter, putative 
SSO2390 -1.01 0.03 -2.02 Inorganic pyrophosphatase, putative 
(ppa) 
SSO3189 -1.97 0.21 -3.93 Amino acid transporter, putative 
SSO5544 -1.23 0.21 -2.35 Carboxylate-ammine ligase 
SSO5847 -1.01 0.26 -2.01 Hypothetical protein 
SSV2_A305 -1.20 0.26 -2.29 SSV2 ORF 
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